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ABSTRACT
Highway pavement maintenance and its management are
areas of serious concern and study today. A topic that
deserves a great deal of research effort is the
development of the relationship between pavement routine
maintenance and pavement performance.
This study was undertaken to investigate the
feasibility of employing an aggregate performance/damage
approach in the analysis of highway pavement performance.
A methodology was developed based upon the serviceability
performance concept first conceived at the AASHO Road Test
completed in the early 1960s.
Several new concepts were introduced in the process
of developing the aggregate performance approach
methodology. A new parameter, PSI-ESAL loss, was defined
as an aggregate representation of pavement damage. A
concept of zero-maintenance performance curve was adopted
xvi
to account for the effects of routine maintenance work.
This concept permitted an estimation of the actual total
damage of a pavement.
A quantitative measure for levels of pavement routine
maintenance was proposed. This quantitative measure,
coupled with the PSI-ESAL loss representation of pavement
damage, facilitated the establishment of a relationship
between pavement performance and level of routine
maintenance.
On the basis of the above theoretical framework, a
procedure for allocating pavement maintenance and
rehabilitation costs in a highway cost allocation analysis
was developed. This procedure was successfully
implemented in a full-scale highway cost allocation study
at state level. A further development of the performance
analysis concept involved a quantitative assessment of the
effects of routine maintenance on pavement. A maintenance
effectiveness index was defined which provided a means for
quantitative evaluation of pavement maintenance work.
The aggregate performance approach proposed is simple
in concept and easy to understand. The amount of data
required is much less than that required by a disaggregate
distress function approach. The amount of analysis effort




In the area of highway pavement cost allocation
analysis, there is a long-existing problem which still
remains unresolved today. This problem involves the
determination of the relative proportions of traffic and
environmental responsibilities in highway rehabilitation
and maintenance expenditures. In recent years, the major
effort of most state highway agencies have been shifted
from building new highways and facilities to preserving
and rehabilitating the existing system. A sound solution
to the stated problem is therefore vital to arriving at an
equitable and efficient allocation of pavement costs to
highway users.
The usefulness of the knowledge of traffic and
environmental effects on pavement performance is not
limited to the field of highway cost allocation. A better
understanding of these effects would have significant
implication in pavement design, monitoring and evaluation
technology. It would also provide additional information
for pavement maintenance and rehabilitation decision
making, which is an important process of a pavement
management system.
The basic concept and methodology presented in this
dissertation was originally developed for the 1983-84
Indiana Highway Cost Allocation Study [1] for allocating
pavement maintenance and rehabilitation costs. There were
a number of problems which the Indiana study team faced at
the beginning phase of the study. Firstly, there was a
lack of pavement damage data in terras of individual
distress types. Secondly, time and budget constraints did
not permit a full scale disaggregate distress function
analysis for cost allocation. As a result, a meaningful
analysis based upon consideration of individual distress
types could not be carried out.
It became necessary that an alternative cost
allocation methodology be developed for the type of data
available in Indiana. A research was then initiated to
investigate the possibility of employing the annual
roughness data which were available for practically the
entire state highway system of Indiana. This had led to
the development of a performance-based approach which
forms the theoretical framework for the analysis presented
in this dissertation.
The situation in Indiana is not unique. Due to the
limitation of manpower and funds, most states do not
possess the capability of maintaining detailed records of
pavement conditions in terms of individual distress types
for the entire road network. On the other hand, the
experience of several states (including Indiana [2], Utah
[3], Kentucky [4] and West Virginia [5]) has indicated
that performance information, such as serviceability,
could be obtained on the entire network in a relatively
short period of time, thus making periodic and timely
evaluation possible. The development of a performance-
based methodology for pavement deterioration analysis
would further enhance the value and effectiveness of such
a monitoring approach by providing additional information
concerning pavement performance.
1.2 Purpose and Scope of Research
The basic goal of this research was to develop a
performance analysis methodology to evaluate the effects
of traffic and environmental factors on highway pavements.
In order to satisfy the immediate need of highway cost
allocation study, a major part of the research effort was
directed toward developing a sound framework for
attributing pavement maintenance and rehabilitation costs
to different vehicle classes based upon the pavement
deterioration imposed by each individual class of vehicle.
A meaningful objective of this effort was to illustrate,
through the application of the performance-based
methodology to a full-scale cost allocation study at state
level, that such an approach would be a feasible cost-
effective alternative to a much more elaborate
disaggregate distress function approach [8].
In addition to deriving the relative effects of
load-related and non-load-related factors on pavement
deterioration, further research was conducted to
investigate the effects of routine maintenance on pavement
performance. It was an objective of this study to provide
useful information, by means of performance analysis at
both project and network levels, to assist highway
agencies in making rehabilitation and routine maintenance
decisions.
In the process of accomplishing these objectives,
some important questions need to be resolved. First of
all, some form of relationship between pavement
performance and level of maintenance must be established.
To achieve this, an appropriate quantitative measure of
pavement performance was required. In addition, levels of
maintenance had to be defined in a manner such that they
could be related to routine maintenance costs. These


























































































o e- (- 01
*> o u



















U -H Oi 01
01 *» c u
» 1 » c
<»• 6 > ib




3 -o <t- -<







































u o at ai
at o: u u
•* c c
<t- *» IB >B
Ul c c E
01 01 p
m £ -p o






> E m 01
IB -~ o* U
0. — c c
IB
<« . a fc
o in 1) P
u O O
(ft -M -1 u.
43 P (
u in u 01
IB -*4 •-* a.
a. (- <*.
E oi ti- •p
i-t -p ll c
u u at
3» IB h- E
o (. at
3 IB T3 >
P £ C IB
Ul (J IB a.
The performance-routine maintenance model in Figure
1.1 Is the theoretical basis for all the analyses
performed in this study. These analyses, as indicated in
the figure, include (a) the determination of the relative
effects of load and non-load factors on pavement damage
for use in cost allocation; (b) the investigation of the
effects of load and environmental factors on different
pavement types, and the influence of pavement
characteristics, climatic factors and subsoil conditions
on the relative effects of load and non-load factors on
pavement performance; (c) the examination of the
relationship between pavement performance and routine
maintenance assumed in the performance-routine maintenance
model; (d) the evaluation of the effects of routine
maintenance on pavement performance; and (e) the study of
the effects of pavement, climatic and environmental
factors on effectiveness of pavement routine maintenance
work.
1 . 3 Dissertation Organization
The report consists of eight chapters covering
two phases of the research. The research effort of Phase
1 focused primarily on developing the theoretical
framework for the entire study. It involved the
development of (a) the pavement performance-routine
maintenance model depicted in Figure 1.1, and (b) a
methodology to determine the relative effects of traffic
and environmental factors on pavement deterioration.
Detailed discussions of this theoretical framework are
presented in Chapters 2 and 3.
Chapter 2 discusses differences between the commonly
employed disaggregate distress function approach and the
proposed aggregate performance approach for pavement
damage analysis. A literature review on existing
disaggregate distress function approach methodology is
also presented in the same chapter.
Chapter 3 provides the theoretical basis of the
proposed approach. The concept of PSI-ESAL loss as a
measure of pavement deterioration is introduced, and the
applicability of AASHO Road Test performance equations [9]
to pavement deterioration analysis is examined. These are
followed by a discussion of the need to consider effects
of routine maintenance on pavement performance when
performing a pavement deterioration analysis. Finally,
the procedure of relating level of maintenance to
performance, and the methodology of calculating the
relative effects of load and non-load factors are
presented .
In Phase 2 of the study, research was extended beyond
the field of highway cost allocation to investigate the
effects of traffic loadings, environmental factors,
8
pavement characteristics and routine maintenance on
pavement performance. These analyses were performed with
data from the state highway system of Indiana. Chapter 4
gives an account of the type of data required, and how
these data were collected, derived and used in the
analyses .
The results of applying the aggregate performance
approach methodology to the state highways of Indiana are
analyzed in Chapters 5, 6 and 7. Chapter 5 investigates
the impacts of pavement characteristics, climatic and
subsoil conditions on the relative effects of load and
non-load factors on pavement deterioration. In Chapter 6,
the relationship between pavement performance and routine
maintenance is examined. This is followed by Chapter 7
which presents an analysis of the influence of climatic
and subsoil conditions on the effectiveness of routine
maint enance
.
Chapter 8 summarizes major findings of the study and
indicates areas where further research is required.
CHAPTER 2
LITERATURE REVIEW:
DISAGGREGATE VERSUS AGGREGATE DAMAGE APPROACH
2 . 1 Introduction
Traditionally, there are two broad approaches in the
evaluation of highway pavement conditions. One approach
considers the gross performance of pavements by means of
an aggregate measure. An example of this approach is
represented by the AASHO Road Test concept of pavement
serviceability [9, 10] which measures the ability at time
of observation of a pavement to serve highway traffic.
The other approach defines pavement conditions by
specifying the extent and amount of individual pavement
distresses. Examples of this approach are found in the
pavement rating systems adopted by some state highway
agencies [63,64,65,66].
In pavement damage responsibility analysis, where an
estimate is made to assess the relative responsibility of
load and environmental factors on pavement damage, the
procedures used can likewise be classified into two
10
approaches, namely the disaggregate distress function
approach and the aggregate performance approach.
2 . 2 Relationship Between Disaggregate and Aggregate Damage
Approach
The relationship between a disaggregate distress
function approach and an aggregate performance approach
for pavement damage analysis may be explained by
considering the basic objectives of a pavement management
system (PMS). Figure 2.1 shows a simplified flow diagram
which outlines the sequence of testing involved in a
typical pavement management system [6,7]. The system
seeks to provide, among other information, answers to the
following two questions: (i) where are the deficient
sections requiring repair or improvement? (ii) what are
the distress type involved in these deficient sections?
Two levels of condition survey may be identified in
the PMS in Figure 2.1. They are labeled as levels I and
II. Level I provides information to question (i), and
level II to question (ii). The pavement damage analysis
methodology described in this dissertation relies upon
level I information only and is therefore termed an
aggregate performance approach. Those methodologies that
consider implication of individual distress types belong
to methods of the disaggregate approach which requires































































Besides the differences in the form of data required,
the two approaches also differ significantly in the
procedure by which pavement damage analysis is carried
out. This is best illustrated by considering a highway
cost allocation problem concerning pavement maintenance
and rehabilitation costs.
Figure 2.2 indicates the major steps involved in a
pavement maintenance and rehabilitation cost allocation
analysis for both approaches. The sequence of analysis
shown for disaggregate distress function approach is based
upon the 1982 Federal cost allocation procedure [8], and
that for aggregate performance approach based upon the
procedure described in this dissertation.
A direct consequence of the difference in analysis
procedure is apparent. The use of disaggregate distress
function approach would require a large amount of data
collection and handling effort. In contrast, the data
required for an aggregate performance approach are much
less and are more readily available.
2 . 3 Review of Disaggregate Distress Funct ion Approach
2.3.1 1982 Federal Study
The 1982 Federal cost allocation study [8] was the
first such study to employ consumption theory to assess

































Responsibility for each Vehicle Class
Compute Maintenance and Rehabilitation
Costs and Allocate to Vehicle Classes
Legend — Aggregate Performance Approach
Disaggregate Distress Function Approach
Figure 2.2 Sequence of Cost Allocation Analysis
14
vehicle classes. A consultant [11] was engaged
specifically to develop pavement damage functions for cost
allocation purpose. The analysis procedure of the
approach has been outlined in Figure 2.2.
A list of distresses which were important to highway
rehabilitation decision making was first identified.
Mathematical models were then developed for individual
distress types. To determine the pavement damage
responsibilities of vehicle classes, it was necessary to
calculate the responsibility of each vehicle class for
each individual distress, and to estimate the relative
importance of each distress in the decision to
rehabilitate a given pavement.
The Federal methodology did not address the issue of
load and environmental effects explicitly. To facilitate
cost allocation computation, all mathematical damage
functions of load-related distresses were modeled after
AASHTO serviceability loss equations. Load equivalency
factors for each distress type were developed for vehicle
loadings to compute their relative responsibilities for
the distress concerned. The models therefore did not
provide any information on the relative pavement damage
responsibilities of load and environmental factors.
Other limitations of the Federal approach include the
following: (i) interaction of distresses was ignored; (ii)
15
the effects of maintenance and maintenance policy were not
considered; and (iii) maintenance costs, which represent a
large percentage of total expenditures for most highway
agencies at state and local levels, were not included in
the analysis.
2.3.2 M._I.T. Pavement Life Cycle Cost Study
A recent research in the area of pavement damage
responsibility analysis is a study carried out by Wong and
Markow [10]. This was an extension of the Federal cost
allocation study mandated by the Congress. The study
focused on the allocation of life-cycle pavement costs,
encompassing routine maintenance and rehabilitation, but
excluding initial construction and reconstruction.
Central to this study was the use of an existing
simulation model, known as the EAR0MAR-2 system [12], to
predict highway performance, maintenance and
rehabilitation costs. An extensive amount of data was
required as input to the model. The data included
pavement structural and materials properties, existing
pavement surface condition, traffic volume, composition
and loading information, environmental conditions,
maintenance policies, local practices of work scheduling,
unit costs of maintenance labor, equipment and materials.
The environmental factors considered were seasonal
tempe rature ,
16
rainfall, freezing index, regional factors, and subgrade
soil classifications.
The EAROMAR-2 system employed a series of pavement
distress models to predict pavement damage. These models
were based upon empirical pavement research or upon
closed-form approximations to theoretical model
predictions. The total cumulative damage of each distress
type (or damage component) over the analysis period was
computed by means of these predictive models. The Present
Serviceability Index (PSI) of the pavement was then
estimated as a function of the damage components.
It is unfortunate that the cost (or damage
responsibility) allocation phase of the study was not
treated with the same details and depth. Instead of
examining individual distresses to assess the
responsibility of each vehicle class, all damage
responsibilities associated with load-related distresses
were indifferently allocated on the basis of equivalent
18-kip single axle load (ESAL).
This limitation is not unexpected considering the
fact that the EAROMAR-2 system was not originally
developed for use in a cost allocation study. It is
therefore not surprising that it did not provide the
necessary information required for an equitable allocation
of highway pavement costs.
17
It is appropriate at this point to state that, while
many damage function models are available in the
literature, there is hardly any theoretical model which
could be used directly to compute the relative effects of
load and environmental factors on pavement deterioration.
Most models, being either regression based or empirical,
cannot be used for such purpose.
2.3.3 1981 TTI Study
The 1981 TTI study [13] was conducted for the
American Trucking Association and the Motor Vehicle
Manufacturers Association. The procedure employed to
estimate the proportion of pavement damage attributable to
load involved the following steps: (i) classification of
pavement distresses into 3 categories: load-related,
environmental and combined stresses; (ii) determination
of damage weighting factors for various distress types
based upon pavement rating schemes; (iii) application of
distress models to predict expected level of each
distress; and (iv) combination of the weighting factors
and predicted distress levels to determine the proportions
of environmental and load-associated damage.
The assignment of distress type to a particular cause
has a direct impact on the outcome of the final results.
The assignment in TTI Study, unfortunately, was made
largely by subjective reasoning. Another critical area of
18
the study is the weighting of each distress type as to its
relative importance to total pavement damage. As the TT
1
study found from a survey of pavement rating schemes from
more than 40 states, "there exist a variety of practices
from state to state, without a standard list of distresses
that make up a pavement rating score, and without a
standard weight applied to distress." This suggests that
the use of subjective pavement rating schemes may not be a
reliable means to assess the relative importance of
different distresses.
The TTI study did not address the cost allocation
phase of the problem. No attempt was made to estimate the
shares of load and environment effects in combined
distresses. Instead, upper and lower bounds of pavement
damage responsibility of load effect were computed for
different climatic zones. First, a total deduct point was
established that would be subtracted from a perfect
pavement rating score was evaluated for a given pavement.
This total deduct point was computed by summing up the
deduct points of 3 main categories, namely load, combined
and climatic deduct points. The range of load damage
responsibility was defined as follows:




Upper bound load damage ratio
Load + Combined deduct points
Total deduct points
The procedure depended heavily on pavement rating
scheme which was directly related to decisions to
rehabilitate or maintain. It is important to realize,
however, that the problem of determining the relative
effects of traffic loadings and environmental factors on
pavement deterioration is not the same as the subject of
decision criteria for maintenance and rehabilitation
activities. Decision criteria are likely to vary among
highway agencies that maintain and rehabilitate highway
pavements. On the other hand, damage responsibilities of
load and environmental factors are more a function of
pavement characteristics, intensity of traffic loadings
and severity of climatic conditions.
2.3.4 1981 Counsel Trans Study
Counsel Trans study [14] was also sponsored by the
American Trucking Association and the Motor Vehicle
Manufacturers Association. The pavement damage data used
in the study were collected by windshield survey at around
normal vehicle operating speed over a period- of one and a
half month. The survey covered 1187 miles of Interstate
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highways in six states, out of a total of over 40,000
miles nationally.
The study classified all distress types as either
load related or environment related. The consequences of
traffic loading on pavement already exhibiting environment
related distresses, and the effects of environmental
factors on pavement with load related distresses were not
considered in the analysis.
In determining the relative damage responsibilities
of load and environmental effects, a distress index was
first computed for each distress type based upon the
severity and extent of the distress. These indices were
then grouped together without applying any weighting
factors. This was equivalent to assigning equal weight to
all distress types.
In general, the Counsel Trans approach is similar to
TTI study in concept, but is less refined in many aspects.
First of all, it is doubtful if windshield survey data are
suitable for use at all in a scientific study such as
this. The assumptions of non-existence of interaction of
load and environmental effects, and of equal importance of
all distress types greatly facilitated the data analysis
in the study. The validity of these assumptions, however,
are questionable.
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2 . 4 Review Summary
The disaggregate distress function approach has a
sound theoretical basis. However, due to the limitation
of our present day knowledge on the subject of pavement
distresses, and on the relationships between individual
distresses and overall pavement performance, there are
uncertainties involved in applying the concept to solving
the problem concerning relative responsibilities of load
and environment on pavement damage.
The review of existing disaggregate distress function
approach procedures indicates that there are 3 major steps
which are common to these procedures. These are: (i)
identification of the distress types which affect pavement
performance; (ii) development of distress models to
determine load and environment responsibilities for each
distress types; and (iii) assignment of weights to
distress types based upon their relative importance to
total pavement damage.
There exist two critical areas in the disaggregate
approach that deserve attention. Different assumptions
used in these two areas may significantly affect the final
outcome of the analysis. Firstly, it is the
identification of the causes of each distress (i.e., load
versus non-load; or load-related, environment-related,
and combination of load and environmental causes) and the
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subsequent form of distress function developed to model
this distress. Secondly, it is the assignment of
weighting factors to distress types according to their
relative importance to pavement damage.
Each of the four studies [8,10,13,14] discussed in
the preceding section adopted a different list of distress
types which were considered to be important causes of
pavement damage. All the four studies were also not
agreeable upon whether a given distress type be classified
as load-related, non-load-related, or combined effects of
load and environment. Furthermore, as there is a large
number of distress models available in the literature, it
is not surprising that the distress functions employed in
the four studies differ considerably in terms of the form
of functional equation and the types of variable included.
The assignment of relative weights to different
distress types has a direct impact on the computed
magnitudes of the relative damage responsibility of load
and environmental factors. Unfortunately, there does not
exist a clear-cut objective way to determine the relative
importance of each distress type. Since all the four
studies adopted different weighting schemes in their
analyses, there is a wide diversity of reported
responsibility values for load and environmental effects.
In summary, it can be seen from the discussion above
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that although the disaggregate distress function approach
Is theoretically sound in concept, there can be
considerable variations in the final results depending
upon the type of distress considered, the form of distress
models adopted, as well as the weighting scheme used to
assign weights to distress types. This tends to suggest
that, with the present state-of-art knowledge and
technology in pavement condition monitoring and
evaluation, an objective analytical solution which is
acceptable and agreeable to all cannot be achieved by
means of the disaggregate distress function approach.
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CHAPTER 3
CONCEPTS OF PROPOSED AGGREGATE PERFORMANCE APPROACH
3.1 Introduction
The best known and most widely used aggregate
pavement performance model is undoubtly the relationships
between axle loadings and pavement deterioration developed
through the AASHO Road Test of the early 1960s. These
relationships have been summarized in the AASHTO Interim
Guide for Design of Pavement Structures [9]. The present
study adopted the AASHTO relationships as a measure of
aggregate pavement performance. The general concept
presented in this chapter, however, is still applicable
should other measure of pavement performance be selected
for use in analysis.
3.2 The Concept of PSI-ESAL Loss
A significant contribution of the AASHO Road Test was
the introduction of pavement serviceability as a measure
of pavement performance. It provided a means for
quantitative evaluation of pavement condition and
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performance. This pavement evaluation procedure has
gained widespread acceptance in pavement studies.
Pavement serviceability is usually expressed as an
index number known as the Present Serviceability Index
(PSI). The significance of the index is that it
establishes relationships between objective pavement
condition measurements and subjective ratings of road
users. It is based upon the correlation of road user
opinions with physical measurements of road roughness,
cracking, patching and rutting.
The serviceability equations developed at the AASHO
Road Test are shown in Equations (3.1) and (3.2).
For flexible pavements
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(3.3)
SV = slope variance
x = the ith slope measurement
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n = total number of slope measurements
C = linear feet of major cracking per 1000 sq.ft.
of pavement area
P = bituminous patching in sq.ft. per 1000 sq.ft.
of pavement area
RD = rut depth in inches in both wheel tracks
measured with a 4-foot straightedge
It is important to note that PSI is a condition
rating of a pavement at the time measurements are taken.
No indication is given as to pavement characteristics,
climatic, traffic and subgrade conditions, nor to the
probable behavior of the pavement in the future. To
evaluate pavement condition over a period of time, a
performance history may be obtained by having
serviceability measurements at different points of time in
pavement life.
A typical pavement serviceability time history is
shown in Figure 3.1 where PSI is plotted against pavement
age in years. At any time t, the condition of the
pavement is given by (PSI) , and the corresponding
pavement deterioration is represented by a term known as
serviceability loss, or PSI loss. The PSI loss at time t
is equal to the difference between the initial PSI and the
PSI at time t, that is,














A more useful plot is obtained by plotting pavement
serviceability against cumulative traffic loading
expressed in terms of equivalent 18-kip single-axle loads
(ESAL). A typical pavement serviceability-cumulative ESAL
plot is shown in Figure 3.2. Such a plot is useful
because it relates pavement performance to traffic
loadings which are one of the major concerns of pavement
engineers. More importantly, it permits a comparison to
be made between measured field performance and AASHTO
performance prediction, thereby allowing a pavement
engineer to estimate, within reasonable limits, the
performance trends of an in-service pavement.
Although PSI loss could still be used as an
indication of the state of pavement deterioration at any
given stage of pavement life as shown in Figure 3.2, it is
not a convenient parameter for pavement performance
analysis. This is because, as discussed earlier, the
index PSI provides a condition rating of the pavement
there and then, with no reference to influences of load
and environmental factors. To overcome this problem, an
alternative pavement deterioration measure is needed.
A new pavement deterioration measure was adopted for
use in this research study for pavement performance
analysis. This quantitative measure is represented by the
shaded area in Figure 3.3. It is known as the PSI-ESAL


































































as stage n in the figure. This new measure gives an
additional dimension to the traditional measure, PSI loss.
While PSI loss is an assessment of pavement condition at a
point of time in pavement life, PSI-ESAL loss provides a
measure of pavement deterioration covering the entire
analysis period — from the time the pavement is
constructed, reconstructed, or resurfaced through the time
of analys is .
On the understanding that pavement deterioration is
the result of repetitive action of traffic loadings and
cumulative effects of environmental factors, it is
reckoned that PSI-ESAL loss provides a better
representation of pavement deterioration for pavement
performance analysis than the 'point-estimator' PSI-loss
does. The use of PSI-ESAL loss greatly facilitates the
incorporation of traffic loading and environmental effects
into performance analysis because PSI-ESAL loss provides a
means to measure pavement performance quantitatively on
the same time frame basis as that used for evaluating
loads and environmental effects. The research conducted
in this study also found PSI-ESAL loss to be a convenient
parameter for relating pavement performance to levels of
routine maintenance, and for assessing the effectiveness
of routine maintenance in repairing pavement damage.
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3.3 Application of AASHO Road Test Results to Performance
An al_v s is
3.3.1 AASHO Road Test Relationships
At the AASHO Road Test, pavement damage was defined
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This pavement damage measure was then related to load
by means of regression analysis on the AASHO Road Test




W = number of axle load applications
p = a constant equal to the number of load
applications at which the damage G equals 1.0
6 = a regression constant
To simplify the solution to equation (3.2.2) for
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mixed traffic, AASHO Road Test selected 18-kip single-axle
load as a datum load level. By means of load equivalence
factors (i.e. equivalent 18-kip single-axle load factor,
or ESAL factor), all other axle loads were converted into
ESALs for calculating the variable W in equation (3.5).
By definition, the ESAL factor of an axle load is the
ratio of the number of load applications of the 18-kip
datum load to cause a given level of damage to the number
of load applications of the axle load under consideration
to cause the same level of damage. It is important to
note that ESAL factors vary with level of damage, with
magnitude of axle load, with axle configuration, with
pavement thickness, and with the stiffness of the
subgrade.
3.3.2 AASHTO Performance Equations
Based upon the 1962 AASHO Road Test relationships
between performance, pavement thickness and traffic
loadings, the 1972 AASHTO Interim Guide [9] further
extended these relationships to cover pavements built on
different subgrade types.
For rigid pavements, modification of the general Road
Test equation was accomplished by comparing stresses
calculated from strain measurements on the Road Test
pavement slabs with stresses calculated using the
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theoretical formula developed by Spangler [17].
For flexible pavements, a soil support scale was
established based upon two types of roadbed support at the
Road Test. A soil support value of 3.0 was assigned to
the subgrade soil, and a value of 10.0 to the crushed-rock
base material used. A linear scale between points 3.0 and
10.0 was assumed to incorporate the effects of soil
support condition into the AASHO Road Test relationships.
By checking the linear scale against a number of commonly
used design procedures and against results of layered
elastic theory analysis, it was found that the assumption
of the linear soil support scale was reasonable.
The modified performance equations are:
For flexible pavements,
log W = 9.36 log(SN+l) - 0.20 +
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W = number of 18-kip single-axle load applications
SN = structural number
G = pavement damage defined in Equation (3.4)
S = soil support value
D = thickness of slab in inches
P = terminal serviceability index
M = modulus of rupture on concrete
J = load transfer coefficient
Z = E/k
E = Young's modulus of elasticity of concrete, psi
k = modulus of subgrade reaction, psi/in
Equations (3.6) and (3.7) are the performance
equations used for the performance analysis described in
this dissertation. It should be noted that the rigid
pavement performance equation does not include any
adjustment for environmental conditions different from the
AASHO Road Test conditions. The reason stated was that it
was not possible to measure the effect of variations in
climatic conditions over the two-year life of the pavement
at the Road Test site.
An adjustment was included for environmental
conditions in flexible pavement performance equation
presented in the AASHTO Interim Guide [9]. This
adjustment was made by introducing a regional factor which
takes a value of 1.0 for the AASHO Road Test site
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conditions. Unfortunately this factor cannot be clearly
defined, and it has no direct relationship to any testing
or measurement procedure. AASHTO Interim Guide mentioned
that "there is no way to determine directly the regional
factor for other locations and conditions". Van Til et
al. [18] found from a survey of fifty states that one or
more of the following were used by the states in assigning
a regional factor:
1. Topography







9. Type of highway facility
10. Substance drainage
Due to the uncertainty and subjective judgment
involved in the determination of regional factors, this
adjustment proposed by AASHTO was not adopted for use in
this research, and it was not included in the performance
equation (3.6). It is interesting however to note that by
not making any adjustment for climatic conditions, the
performance equations (3.6) and (3.7) can be used, as
explained in the subsequent sections, as a reference for
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assessing the relative impacts of load and environmental
effects on pavement damage.
3.3.3 Applicability of AASHO Road Test Results and AASHTO
Performance Equations
The AASHO Road Test results and the AASHTO
performance equations provide very useful relationships
among pavement performance, structural thicknesses,
traffic loadings and subsoil conditions. They have been
used widely in the areas of pavement thickness design,
pavement condition monitoring and evaluation. However,
due to the limitation of the scope of the test and the
conditions under which it was conducted, they cannot be
applied in a straightforward manner in other areas. These
areas include highway cost allocation study and
performance analysis to determine the relative pavement
damage responsibility of load and environmental factors.
The AASHO Road Test was conducted over a period of
two years. This time period is relatively short compared
to an expected service period of 20 years or more for most
pavements. Furthermore, during the Road Test a
maintenance policy was implemented to permit only minor
maintenance so as to keep test traffic operating as much
as possible [16]. In applying AASHO Road Test results to
pavement performance analysis, one must therefore be aware
of the following potential differences between AASHO Road
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Test conditions and those of an actual pavement: (i) the
level of maintenance performed; (ii) aging effects of
pavement; and (iii) time period over which environmental
factors are allowed to act.
3.3.4 Measure of Load Effects
ESAL may be considered to be a measure of the
relative pavement damage responsibility of different
traffic loadings under a reference set of conditions.
These reference conditions represent those experienced or
imposed at the AASHO Road Test. Based on the same
reasoning, it may be said that the AASHTO performance
equations could only account for the pavement damage that
would have taken place under the reference conditions at
AASHO Road Test.
In an ideal situation where (i) environmental
conditions were the same as the reference conditions at
AASHO Road Test, and (ii) pavement performance was
explained exactly by the AASHTO performance equations,
ESAL is the logical parameter for assigning damage
responsibilities to various traffic loadings. This
pavement deterioration, the responsibility of which could
be meaningfully assigned to loads on the basis of ESAL,
may be said to be caused by load-related effects.
The term load-related effects is used because there
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are no absolute measure of load effects. It is
practically impossible to measure physically load induced
damages without the influence of environmental factors.
While the pavement damage explained by ESAL does involve
the influence of environmental factors over the two-year
period, it is believed that it offers the best measure of
'load effects' compared to other measures available in the
literature.
3.3.5 Measures of Load - Related , Non - Load - Related , and
Interaction Effects
Performance equations (3.6) and (3.7) were derived
from results of the AASHO Road Test which was conducted in
a single environment. For a pavement section experiencing
more intensive environmental and pavement aging effects
than those at the AASHO Road Test, a more severe
deterioration could be expected as shown in Figure 3.4.
Figure 3.5 shows the respective PSI-ESAL losses for AASHTO
performance curve and the field performance curve of the
pavement section at stage n. Area A gives the PSI-ESAL
loss associated with AASHTO performance curve and area
(A+B) the loss associated with field performance curve.
Two ratios may be computed from the PSI-ESAL losses
A , B •
in Figure 3.5: a = and e = Since area A
(A+B)' ""** " (A+B)*
represents the amount of pavement damage caused by the












































































area B may be taken to be further pavement damage caused
by non-load-related factors and intersection of these
factors with load-related factors. Accordingly, the ratio
"a" represents the proportion of load-related effects, and
"e" of non-load-related effects plus interaction of load-
related and non-load-related effects.
3.4 Effects of Maintenance On Pavement Pe r f ormance
3.4.1 The Need to Consider Effects of Routine Maintenance
The discussions presented in Section 3.2 does not
mention about routine maintenance. There is however a
need to consider the effects of routine maintenance in
pavement performance analysis because observed or measured
pavement damage is a result of combined effects of traffic
loads, environment, age, initial design and construction,
and past maintenance.
Referring to Figure 3.5 where curve 1 is the observed
field performance curve and PSI loss (A+B) the associated
pavement damage. It is very likely that the PSI loss
(A+B) does not represent the true total pavement damage.
This is because a certain level of routine maintenance is
always present in practice. Some of the damages have
already been repaired or 'recovered' by maintenance work
when a condition survey is made. This means that the true
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total pavement damage Is greater than that represented by
area (A+B) in Figure 3.5.
3.4.2 The Concept of Zero -Maintenance Pavement Performance
Theoretically, the true total damage for the pavement
section considered in Figure 3.5 may be represented by the
shaded area (A+B) between curves 3 and 4 in Figure 3.6.
Curve 3 is a hypothetical no-loss line and curve 4 a
hypothetical performance curve for the pavement section in
a situation where no maintenance has been carried out.
An actual pavement performance curve may lie anywhere
between curves 3 and 4 depending upon the level of
maintenance performed. The role of routine maintenance is
to move actual pavement performance curve away from the
zero-maintenance curve. The higher the level of routine
maintenance performed, the closer the field performance
curve would be to the no-loss line.
3.4.3 Derivation of Total Pavement Damage
Consider the performance curves for three sections of
a given stretch of pavement with uniform pavement
characteristics and traffic loading history, but each with
a different level of routine maintenance. These
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in which maintenance level L. is higher than L , and L
higher than L .
Each of the three performance curves is also labeled
with a value S. which is the routine maintenance
expenditure associated with maintenance level L .
Assuming all three maintenance levels are performed with
the same technology, it is reasonable to consider that the
maintenance expenditure would be positively related to the
level of maintenance performed. In Figure 3.7, one would
expect S_ to be greater than S , and S. greater than S..
i t. Z 1
Routine maintenance expenditures can therefore be used as
a meaningful indicator of the level of routine maintenance
performed on a given pavement.
By plotting PSI-ESAL loss against a quantitative
indicator of level of pavement routine maintenance, a
relationship between pavement performance, expressed in
terms of pavement damage, and routine maintenance may be
derived by regression analysis or any other suitable
procedure. This relationship may then be used to obtain
the pavement damage at zero routine maintenance
expenditure. This gives an estimate of the total pavement
damage that would have occurred if no maintenance were to
be performed on the pavement under consideration.
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3.5 Determination of Load-Related and Non-Load-Related
Effects by Proportionality Assumption
A schematic diagram representing the load-related and
non-load-related effects responsible for pavement damage
is shown in Figure 3.8(a). The proportions of these four
effects in pavement damage are represented by a, b, c and
d respectively in Figure 3.8(b). These four values add up
to be 1
.
a + b + c + d = l (3.8)
Proportion "a" represents the load-related effects
according to AASHTO design equations. It is given by:
(3.9)(A+B)
Determination of (A+B) has been described in the
preceding section. Area A is computed from design
equations for the same cumulative ESAL used in deriving
area (A+B ) .
Knowing proportion "a", it is possible to calculate
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Equation (3.10) assumes that for a given 'pure'
load-related effects (proportion "a"), the share of load-
related effects in the remaining non-load-related and
interaction effects is directly proportional to the share
of 'pure' load-related effects in the overall effects
(a+b+c+d). Similarly, equation (3.11) assumes that for a
given 'pure' non-load-related effects (proportion "d"),
the share of non-load-related effects in the remaining
load-related and interaction effects is directly
proportional to the share of the 'pure' non-load-related
effects in the overall effects (a+b+c+d).
In physical sense, the proportionality assumption
implies that for a given pavement and a known set of
environmental conditions and time period, the higher the
traffic loading, the higher share it is going to have in
the interaction effects. It also implies that for the
same pavement with a given amount of traffic loading, the
more severe the weather and other environmental
conditions, the bigger is their share in the interaction
effects. This phenomenon has been confirmed by the recent
research of Sharaf [19]. Until further research indicates
otherwise, these linear proportionality rules appear to be
a reasonable first approximation.
Equations (3.10) and (3.11) may be reduced to:
b = a(b+c+d) (3.12)
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and
c = d(a+b+c) (3. 13)
Solving for "d" using equations (3.12) and (3.13), it
gives
d = 1 - {7T (1-a) (3.14)
Proportions "b" and "c" may then be determined from
solving equations (3.12) and (3.13). The total
responsibility proportion of load-related effects is given
by (a+b) and the total responsibility proportion of non-
load-related effects by (c+d).
3.6 Summary of Proposed Approach
This section provides a summary to highlight the main
features of the performance analysis concept presented.
The entire approach is based upon the serviceability-
performance concept developed at the AASHO Road Test. A
new measure of pavement deterioration was proposed to
replace the customarily adopted measure, PSI loss. The
new measure, PSI-ESAL loss, provided a convenient
parameter relating pavement performance to levels of
routine maintenance, and to effects of traffic loadings
and environmental factors.
The applicability of AASHO Road Test results and
AASHTO performance equations to pavement performance
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analysis was examined in detail. The significance as well
as the limitations of the Road Test results were
highlighted and discussed. It was concluded that the
AASHO Road Test results and the AASHTO performance
equations could be used effectively for performance
analysis of in-service pavements, provided that the
effects of routine maintenance and environmental factors
were properly accounted for.
The aggregate performance approach presented proposed
to incorporate the effects of maintenance analysis by
associating pavement performance with a level of routine
maintenance. The level of routine maintenance of a given
stretch of pavement was quantified by the maintenance
expenditure spent to maintain the pavement.
The effects of environment on pavement deterioration
was assessed by comparing actual pavement performance
curves with the performance curves predicted by AASHTO
performance equations. The concept of zero-maintenance
performance curve was introduced for the purpose of
estimating the actual total damage of a pavement. The
PSI-ESAL loss associated with the zero-maintenance curve
was derived by considering the relationship between actual
pavement performance curves and their corresponding
maintenance costs. The pavement damage represented by
this zero-maintenance curve was taken as the total damage
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caused by the combined actions of all load and non-load
factors.
Highway cost allocation analysis requires the
knowledge of the relative responsibilities of load-related
and non-load-related effects. A linear proportionality
assumption was made to compute the corresponding pavement
damage responsibility of the two effects. Further
research is required to check the validity or
reasonableness of this assumption.
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CHAPTER 4
APPLICATION OF PROPOSED METHODOLOGY:




The aggregate performance approach developed in this
research was employed to study the impacts of traffic
loadings and environmental factors on Indiana State
highway system as part of the 1983-84 Indiana Highway Cost
Allocation Study [1]. This chapter discusses the types of
data, and the procedure used in the study.
4.2 Data Requirement and Data Base Description
The 1983-84 Indiana Highway Cost Allocation Study
provided a rare opportunity to test the validity of the
proposed methodology with a full-scale analysis. The
study dealt with the entire network of the state highway
system in Indiana. A period of four years, 1980 to 1983,
was selected as the study period for the analysis.
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The data required for the analysis included the
following main categories:
1. Pavement inventory data
2. Traffic data
3. Pavement performance data
4. Routine maintenance cost data
5. Subgrade soil data
4.2.1 Pavement Inventory Data
Pavement inventory data included the following sub-
categories: pavement characteristic data, roadway
geometry data and highway functional classification. The
sources of these data are described below.
a. Pavement Characteristic Data — Pavement type, age,
and thickness information were contained in the Road
Life Records and Construction Reports available at
the Indiana Department of Highways (IDOH), and
Construction Records prepared by the IDOH Division of
Research and Training (DRT). Pavement type indicated
whether the surface was flexible or rigid. Further
information in the Road Life Records would reveal if
a pavement was of composite nature with bituminous
overlay on concrete slab. Pavement age refered to the
length of time since the pavement was constructed.
For flexible or overlay pavement, pavement age was
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referenced to the time the last resurfacing was
carried out. Thicknesses and material types of
bituminous layers of flexible pavements were
available in the Construction Records as well as the
Road Life Records.
b. Roadway Geometry Data — Information such as roadway
width, shoulder width and number of lanes was
available in a number of sources, including the Road
Life Inventory files maintained by the IDOH Planning
Division, the Indiana HPMS records, the IDOH Road
Life Records, and also the Construction Records of
DTR for newly constructed pavements.
c. Highway Functional Classification -- The broad
categories of highway classes adopted by the Indiana
Highway Cost Allocation Study [1] were used. These
were the Interstate highways, State Routes Primary
and Secondary. This permitted direct use of the
traffic data collected for the cost allocation study.
4.2.2 Traffic Data
Traffic data included traffic volume information,
traffic stream composition, truck weight data, and vehicle
axle configuration. In pavement performance analysis,
these data were needed primarily for the purpose of
computing traffic loadings in terms of ESALs.
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a. Annual Average Daily Traffic (AADT) -- The annual
average daily traffic volume in vehicles per day was
obtained from the traffic maps published annually by
the Planning Division, IDOH.
b. Accumulated Traffic Volume — The accumulated traffic
volume is the total number of vehicles that have
traveled on a pavement over the entire analysis
period. The analysis period was defined as the time
period upto the end of 1983, computed from the time
the facility was opened to traffic or the time the
last major pavement rehabilitation was performed.
The accumulated traffic volume was calculated from
the following formula:
n




ADDT = annual average daily traffic of the ith
year taken from IDOH traffic maps
n = total number of years in analysis period
c. Vehicle Axle Configuration Classification — Vehicles
were grouped into fourteen classes, as shown in Table
4.1, according to their axle configurations. The
axle configuration characteristics of the fourteen
classes are shown in Figure 4.1. Each vehicle class
was further divided into weight categories based upon
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Standard and compact passenger cars, panel
and pickup
Two-axle trucks (2S and 2D>
Bus
Cars with one-axle trailer
2S1 Tractor-trailers
251 Tractor-trailers
Cars with two-axle trailer





Tractor-trailers with six or more axles
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their gross operating weights. The complete vehicle
classification is shown in Table 4.2.
Traffic Stream Composition — The Indiana cost
allocation team conducted a vehicle classification
field survey at 60 randomly selected sites throughout
Indiana during the summer of 1983. The data
collected were then converted to represent an average
day of the year with factors developed from the FHWA
report "Vehicle Classification Case Study" performed
for the HPMS [20]. A detailed description of this
procedure is found in the Indiana cost allocation
methodology report [21]. A summary of the results is
given in Table 4.3, 4.4 and 4.5 for Interstate, State
Route Primary and State Route Secondary,
respectively.
Vehicle Weight Data — IDOH conducted a truck weight
survey in every two years. Data on truck weights by
truck type were collected at 28 permanent weigh
stations [22]. The data recorded included truck
type, axle spacing, axle weight and registration
code. These data were combined with Indiana cost
allocation survey data to arrive at the vehicle
weight distribution shown in Table 4.6, 4.7 and 4.8.
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2 1 All weights
3 1 < 7. 300
3 2 7. 500 - 10. 000
3 3 10. 000 - 12. SOO
3 4 12. 500 - 15. 000
3 5 15. 000 - 17. 500
3 6 17. 500 - 20. 000
3 7 20. 000 - 22. 500
3 8 22. 500 - 25. 000












6 1 < 17. 500
6 2 17. 500 - 20, 000
6 3 20. 000 - 22, 500
6 4 22. 500 - 25, 000
6 5 25. OOO - 27. 500
6 6 27. 500 - 30. 000
6 7 30, 000 - 32. SOO
6 8 32. 500 - 33. OOO
6 9 > 35. OOO
7 1 < 20. 000
7 2 20. 000 - 22. SOO
7 3 22. SOO - 25. 000
7 4 25.000 - 27, 500
7 5 27. 500 - 30, 000
7 6 30. 000 - 32, 500
7 7 32. 500 - 35, 000
7 8 35. 000 - 37, 500
7 9 37, 500 - 40, 000
8 1 All weights
9 1 < 22. 500
9 2 > 22. 500
< 27, 500
27, 500 - 30, 000
30. 000 - 32. 500
> 32. 500
< 22, 500
22, 500 - 25, 000
25, 000 - 27, 500
27, 500 - 30, 000
30, 000 - 32, 500
Veh Sub- Gross Operating
Class Group Ueight in Pounds
11 6 32, 500 - 35. 000
11 7 35. 000 - 37, 500
11 8 37. 500 - 40, 000
11 9 40, 000 - 42, 500
11 10 42, SOO - 45, 000
11 11 45, 000 - 47, 500
11 12 47, 500 - 50, 000
11 13 > 50, 000
12 1 < 22, 500
12 2 22, 500 - 25. 000
12 3 25. 000 - 27. 500
12 4 27, 500 - 30, 000
12 5 30, 000 - 32, 500
12 6 32. 500 - 35, 000
12 7 35. 000 - 37, 500
12 8 37, 500 - 40. 000
12 9 40. 000 - 42, 500
12 10 42. 500 - 45, 000
12 11 45. 000 - 47, 500
12 12 47, 500 - 50, 000
12 13 50, 000 - 52, 500
12 14 52, 500 - 35, 000
12 15 55, 000 - 57. 500
12 16 57, 500 - 60, 000
12 17 60. 000 - 62, 500
12 18 62. SOO - 65, 000
12 19 65. 000 - 67, 500
12 20 67, 500 - 70, 000
12 21 70, 000 - 72, 500
12 22 72, 500 - 75, 000
12 23 75, 000 - 77, 500
12 24 77. 500 - 80, 000
12 25 80, 000 - 82, 500
12 26 82, SOO - 85, 000
13 1 < 42, 500
13 2 42, 500 - 45, 000
13 3 45, 000 - 47, 500
13 4 47, 300 - 50,000
13 3 50, 000 - 52, 500
13 6 52, 500 - 55.000
13 7 55. 000 - 57, 500
13 8 57. 500 - 60,000
13 9 60. 000 - 62, 500
13 10 62. 500 - 65. 000
13 11 65, OOO - 67, 500
13 12 67, 500 - 70, 000
13 13 70. 000 - 72, 500
14 1 < 40, 000
14 2 40, OOO - 60, 000
14 3 > 60. 000
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Table 4.3 Percent VMT of Vehicle Classes on Interstates
Veh Sub- Vehicle-Mile 7.
Class Group Veh Class Sub-Group
Veh Sub- Vehicle-Mile 7.
Class Group Veh Class Sub-Group
1 1 15. 640 15. 640
2 1 48. 840 48. 840
3 1 2. 400 0. 034
3 2 0. 182
3 3 0. 218
3 4 0. 618
3 5 0. 473
3 6 0. 346
3 7 0. 182
3 8 0. 145
3 9 0. 182
4 1 0. 310 0. 310
5 1 1. 120 1. 120
6 1 0. 420 0. 051
6 2 0. 025
6 3 0. 038
6 4 0. 076
6 5 0. 064
6 6 0. 038
6 7 0. 038
6 3 0. 025
6 9 0. 064
7 1 0. 360 0. 012
7 2 0. 024
7 3 0. 048
7 4 0. 072
7 5 0. 036
7 6 0. 012
7 7 0. 108
7 8 0. 036
7 9 0. 012
8 1 0. 060 0. 060
9 1 0. 170 0. 085
9 2 0. 083








11 1 2. 500 0. 050
11 2 0. 097
11 3 0. 360
11 4 0. 163
11 3 0.293
11 6 0. 230
11 7 0. 195
11 8 0. 180
11 9 0. 213
11 10 0. 195
11 11 0. 195
11 12 0. 180
11 13 0. 148
12 1 27. 200 0. 054
12 2 0. 272
12 3 0. 944
12 4 2. 657
12 5 2. 149
12 6 1. 333
12 7 1 115
12 8 0. 979
12 9 0. 898
12 10 827
12 11 0. 800
12 12 0. 770
12 13 0. 680
12 14 0. BOO
12 13 0. 870
12 16 1. 104
12 17 979
12 18 0. 923
12 19 1. 034
12 20 1. 496
12 21 2. 258
12 22 2. 394
12 23 1. 170
12 24 0. 552
12 23 0. 044
12 26 0. 101
13 1 0. 760 0. 088
13 2 0. 146
13 3 029
13 4 0. 059
13 5 0. 029
13 6 0. 029
13 7 0. 059
13 8 0. 029
13 9 0. 029
13 10 0. 059
13 11 0. 029
13 12 0. 087
13 13 0. 087
14 1 0. 160 0. 053
14 2 0. 053
14 3 0. 053
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Table 4.4 Percent VMT of Vehicle Classes on State Primary
Veh Sub- Vehicle-Mils X
Class Group Veh Class Sub-Croup
Veh Sub- Vehicle-Mile X
Class Croup Veh Class Sub-Croup
1 1 20. 200 20. 200
2 1 68. 600 68. 600
3 1 2. 400 0. 138
3 2 0.369
3 3 0. 369
3 4 0. 509
3 5 0. 41S
3 6 0.230
3 7 0. 139
3 S 0. 139
3 9 0. 091
4 1 0. 090 0. 090
5 1 0. 530 0. 530
6 1 0. 940 0. 329
6 2 0. 141
6 3 0. 188
6 4 0. 141
6 5 0. 023
6 6 0. 023
6 7 0.031
6 8 0. 031
6 9 0. 032
7 1 0.330 0. 066
7 2 0. 022
7 3 0. 022
7 4 0. 022
7 5 0. 04O
7 6 0. 040
7 7 0. 040
7 8 0. 040
7 9 0. 040
8 1 0.210 0. 210
9 1 0. 190 0. 027
9 2 0. 163
10 1 0. 040 0.010
10 2 0. 010
10 3 0. 010
10 4 0. OlO
11 1 0. 470 0. 030
11 2 0. 073
11 3 0. 117
11 4 0. 088


























































































































































Table 4.5 Percent VMT of Vehicle Classes on State
Secondary
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Veh Sub- Vehicl«-Mile X
Class Group V«h Class Sub-Croup
Veh Sub- Vehicle-Mile X
Class Group Vah Class Sub-Group
1 1 20 200 20. 200
2 1 71. 750 71. 750
3 1 3. 300 0. 906
3 2 0.323
3 3 0. 906
3 4 0. 518
3 5 0. 129
3 6 0. 323
3 7 0. 129
3 8 0. 033
3 9 0. 033
4 1 0. 060 0. 060
3 1 0. 490 0. 490
6 1 0. 520 0. 182
6 2 0. 130
6 3 0. 052
6 4 0. 052
6 5 0. 013
6 ib 0. 013
6 7 0. 013
6 8 0. 013
6 9 0. 052
7 1 0. 270 0. 034
7 2 0. 034
7 3 0. 034
7 4 0. 034
7 5 0. 027
7 6 0. 027
7 7 0. 027
7 8 0. 027
7 9 0. 027
8 1 0. 210 0. 210
9 1 0. 030 0. 004
9 2 0. 026
10 1 0. 060 0. 015
10 2 0. 015
10 3 0. 015
10 4 0. 015
11 1 0. 460 0. 063
11 2 0. 063
11 3 0. 084
11 4 0. 042


























































































































































Table 4.6 Percent Axle Weight Distribution of Vehicle
Classes and Weight Groups on Interstates
Veh Sub- A lie Number Veh Sub- A lie Number
Class Croup 1 2 3 4 5 Class Group 1 2 3 4 5




















3 1 46 04 11 10 21 37 42
3 2 41 39 11 11 20 36 44
a 3 42 58 11 12 19 34 47
3 4 42 38 11 13 17 37 46
3 5 41 39
3 6 40 60 12 1 34 31 35
3 7 37 63 12 2 33 39 28
3 8 45 55 12 3 31 40 29






























6 1 48 32 12 10 22 44 34
6 2 41 59 12 11 21 43 36
6 3 41 59 12 12 20 44 36
6 4 39 61 12 13 18 45 37
6 3 41 59 12 14 17 45 38
6 6 39 61 12 15 17 44 39
6 7 36 64 12 16 17 43 40
6 8 40 60 12 17 16 43 41










7 1 29 35 36 12 20 14 43 43
7 2 31 36 33 12 21 13 44 43
7 3 33 37 30 12 22 13 44 43
7 4 32 39 29 12 23 13 44 43
7 5 31 37 32 12 24 13 44 43
7 6 19 42 39 12 25 15 40 45
7 7 26 39 35 12 26 12 41 47
7 8 25 38 37
7 9 27 38 35 13 1 24 28 16 16 16
13 2 20 24 21 14 21
a 1 40 40 10 10 13 3 21 27 20 20 12
13 4 20 24 20 20 18
9 1 24 22 54 13 5 17 28 19 19 17
9 2 28 24 49 13 6 18 28 16 16 23
13 7 19 13 13 27 27
10 1 39 34 27 13 8 17 26 22 18 17
10 2 34 42 24 13 9 22 27 16 19 16
10 3 28 48 24 13 10 14 24 22 21 19
10 4 33 43 24 13 11 16 23 20 20 21
13 12 15 22 19 20 24
11 1 25 27 48 13 13 13 27 21 19 18
11 2 31 33 36
11 3 32 31 37 14 1 29 48 9 7 7
11 4 29 30 41 14 2 20 42 13 13 12
11 5 27 30 43 14 3 12 46 14 14 14
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Table 4.7 Percent Axle Weight Distribution of Vehicle
Classes and Weight Groups on State Primary
Veh Sub- Axle Number
Class Group 12 3 4 5
1 1 50 50
2 1 50 50
3 1 45 55
3 2 44 56
3 3 42 58
3 4 45 55
3 5 41 59
3 6 39 61
3 7 33 67
3 8 42 58
3 9 40 60
40 60
40 40 20
6 1 36 64
6 2 43 57
6 3 38 62
6 4 42 58
6 5 41 59
6 6 39 61
6 7 36 64
6 8 40 60
6 9 34 66
7 1 35 41 24
7 2 36 39 25
7 3 30 39 31
7 4 32 39 29
7 5 31 37 32
7 6 30 39 31
7 7 26 39 35
7 8 25 38 37
7 9 27 38 35
40 40 10 10
9 1 26 20 54
9 2 20 19 61
10 1 39 34 27
10 2 34 42 24
10 3 28 48 24
10 4 33 43 24
11 1 29 34 37
11 2 28 33 39
11 3 32 34 34
11 4 29 31 40
11 5 31 36 33
Veh Sub- A zle Number
Class Croup 1 2 3 4 5
11 6 24 30 46
11 7 25 32 43
11 8 23 37 40
11 9 23 34 43
11 10 20 33 47
11 11 22 37 41
11 12 19 34 47
11 13 17 37 46
12 1 28 44 28
12 2 32 42 26
12 3 32 40 28
12 4 30 41 29
12 5 29 42 29
12 6 26 42 32
12 7 24 42 34
12 8 25 42 33
12 9 23 46 31
12 10 21 48 31
12 11 20 42 38
12 12 21 46 33
12 13 18 40 42
12 14 18 44 38
12 15 18 42 40
12 16 16 43 41
12 17 16 44 40
12 ia 15 44 41
12 19 14 44 42
12 20 15 45 40
12 21 14 44 42
12 22 14 44 42
12 23 14 43 43
12 24 13 43 44
12 25 12 46 42
12 26 12 41 47
13 1 13 18 23 23 23
13 2 13 18 23 23 23
13 3 14 25 23 18 20
13 4 20 24 20 20 IB
13 5 17 28 19 19 17
13 6 18 28 16 16 23
13 7 19 13 13 27 27
13 8 17 26 22 18 17
13 9 22 27 16 19 16
13 10 14 24 22 21 19
13 11 16 23 20 20 21
13 12 15 22 19 20 24
13 13 15 27 21 19 18
14 1 22 37 14 14 13
14 2 20 42 13 13 12
14 3 12 46 14 14 14
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Table 4.8 Percent Axle Weight Distribution of Vehicle
Classes and Weight Groups on State Secondary
Veh Sub- Axle Number
Class Group 12 3 4
1 1 50 50
2 1 50 50
3 1 50 50
3 2 44 56
3 3 40 60
3 4 38 62
3 5 41 59
3 6 38 62
3 7 40 60
3 8 42 58
3 9 40 60
40 60
40 40 20
6 1 39 61
6 2 43 57
6 3 38 62
6 4 42 58
6 5 41 59
6 6 39 61
6 7 36 64
6 8 40 60
6 9 34 66
7 1 37 41 24
7 2 40 37 23
7 3 36 39 31
7 4 32 39 29
7 5 31 37 32
7 6 30 39 31
7 7 26 39 35
7 8 25 38 37
7 9 27 38 35
8 1 40 40 10 10
9 1 28 24 48
9 2 28 24 48
10 1 39 34 27
10 2 34 42 24
10 3 28 48 24
10 4 33 43 24
11 1 29 34 37
11 2 28 33 39
11 3 27 35 38
11 4 36 29 35
11 5 27 38 35
Veh Sub- A xle Number
Class Group 1 2 3 4 5
11 6 24 30 46
11 7 25 32 43
11 8 23 37 40
11 9 23 34 43
11 10 24 40 36
11 11 22 37 41
11 12 19 34 47
11 13 17 37 46
12 1 28 44 28
12 2 34 43 23
12 3 29 42 29
12 4 30 41 29
12 5 2B 41 31
12 6 28 43 29
12 7 25 39 36
12 8 23 45 32
12 9 22 43 35
12 10 20 42 39
12 11 18 48 34
12 12 18 40 42
12 13 17 42 41
12 14 16 51 33
12 15 12 47 41
12 16 16 43 41
12 17 16 43 41
12 18 15 46 39
12 19 14 45 41
12 20 13 45 42
12 21 13 43 44
12 22 13 43 44
12 23 13 44 43
12 24 13 43 44
12 25 12 46 42
12 26 12 41 47
13 1 24 28 16 16 16
13 2 24 28 16 16 16
13 3 24 28 16 16 16
13 4 20 24 20 20 18
13 5 17 28 19 19 17
13 6 18 28 16 16 23
13 7 19 13 13 27 27
13 8 17 26 22 18 17
13 9 22 27 16 19 16
13 10 14 24 22 21 19
13 11 16 23 20 20 21
13 12 15 22 19 20 24
13 13 15 27 21 19 18
14 1 22 37 14 14 13
14 2 20 42 13 13 12
14 3 20 42 13 13 12
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4.2.3 Pavement Performance Data
Since early 196 0s the Joint Highway Research Project
at Purdue University has been actively engaged in
developing techniques for measuring pavement condition
utilizing roughness numbers [23,24,25]. In 1973, the
Division of Research and Training of the then Indiana
State Highway Commission purchased a PCA Roadmeter for
pavement condition measurements.
Roughness measurements on Indiana highways was
started in 1974, but limited to selected pavement sections
and to measuring the smoothness of newly constructed or
resurfaced pavements. Since 1976, this monitoring program
was extended to cover most Interstate highways and some
primary state routes.
A cooperative research program between the IDOH
Division of Research and Training and Purdue University
was undertaken in 1976 to develop a system for the
evaluation of pavement conditions in Indiana. As a direct
consequence of this study, IDOH began a systematic
recording of pavement roughness for all state highways in
1979. Five years (1979 to 1983) of complete roughness
records for state highways were available in computer
files at IDOH Division of Research and Training.
The PCA roadmeter was developed by the Portland
Cement Association in the early 1970s. It was based on
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the reasoning that road roughness should be measured in
terms of the roughness felt by the vehicle occupants in
order to provide a good correlation with PSI. The device
was installed in a car which was driven at 50 MPH over the
highway. The PCA roadmeter roughness number was computed
as the square of the number of 1/8 inch movements of the
car body with respect to the rear axle. The results were
reported by mile and by contract number of the pavement
sect ion.
4.2.4 Rout ine Maintenance Cost Data
Pavement routine maintenance cost data were obtained
from the work of Sharaf [19]. The IDOH maintained a
detailed record of highway routine maintenance work which
was compiled from actual field maintenance activities
recorded on field crew day cards. The maintenance
activities that are related to pavement are shown in Table
4.9.
The information on routine maintenance is recorded on
the basis of a highway section. A highway section refers
to the portion of a highway that lies within the
boundaries of a county. For each highway section of a
given route, the following information was summarized for
each of the nine pavement maintenance activities:
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3. Types and quantities of materials
These quantities were then multiplied by appropriate
unit costs to arrive at the dollar value of maintenance
activities performed on the highway section. The cost
items considered were labor, materials, and the cost of
motor fuel consumed by maintenance equipment fleet.
4.2.5 Subgrade Soil Data
Subgrade soil data were required to estimate the soil
support value, S, in the flexible pavement performance
equation (3.6), and the modulus of subgrade reaction, k.
,
in the rigid pavement performance equation (3.7).
a. Soil Support Value (S) — There is no standard soil
testing procedure established to determine the soil
support value of a subgrade. It is customarily
estimated through a correlation with some measure of
subgrade strength. The Joint Highway Research
Project at Purdue conducted a study in 1950 in which
the California Bearing Ratio (CBR) values for the
major types of soils found in Indiana were
determined. Colucci-Rios and Yoder [29] later
correlated CBR and soil support values to arrive at
the S values given in Table 4.10 for the various soil
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the distribution of major soil types in Indiana.
This map and the S values in Table 4.10 formed the
basis for assigning soil support values to roadbed
soil in this research study.
b. Modulus of Subgrade Reaction (k) — This modulus
represents the load in pounds per square inch on a
loaded subgrade or subbase divided by the deflection
in inches of that loaded area. AASHTO Interim Guide
correlated k values with values obtained by plate
loading tests using a 30-inch diameter plate.
However, since plate loading tests are rarely
performed in practice, the k values are usually
estimated by correlation with other tests. This
study followed the procedure adopted by Colucci-Rios
and Yoder [29] by correlating k values with CBR based
upon the relationship in Figure 4.3.
4.3 Determination of Field Performance Curves
Many state highway agencies maintain certain forms of
pavement performance record as part of their pavement
management or pavement evaluation system. In Indiana, as
described earlier, the IDOH began to record roadmeter
roughness measurements on state highway system in 1974.
The use of roadmeter permitted the evaluation of a large
mileage of pavements in a relatively short period of time.
These pavement roughness measurements have been found to
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be an efficient means for screening highway pavements
relative to their present serviceability [6].
4.3.1 Present Serviceability Index Model
Several present serviceability index (PSI) models
have been developed for Indiana to correlate measured
roughness and pavement serviceability. These models are
presented in Table 4.11. Mohan's model [27] was the
result of a two-year study on pavement serviceability
performed at Purdue University. A study area with a
radius of 70 miles was delineated around West Lafayette.
A total of 94 sections, each 1 kilometer long, were
randomly selected within the study area for serviceability
studies.
A continuation of Mohan's study was conducted by
Metwali [2]. A set of modified PSI models, which were
simpler and give better correlation coefficients, was
proposed. The study also produced some important
conclusions with regard to measuring of pavement PSI.
These ar e
:
1. The seasonal effects on the measured roughness were
non-significant for all pavement types included in
the investigation.
2. One pass of the Roadmeter on the pavement concerned
was sufficient for providing accurate results.
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Table 4.11 Present Serviceability Index Models
<a> 1978 Mohan's Models C27]
2
Pavement Model R
Asphalt PSI = -9.2556 + 10. 3244(log C) - 2. 048(log C > 2 0.78
Overlay PSI = 18.744 - 9. 5708<log C) 1.423(log C) 2 0.70
JRC PSI - 8.0677 - 1.5387 * log C 0.57
CRC PSI = 4.9354 - 0.1274 » (log C) 0.46
Note : C = Roadmeter counts per kilometer
<b> 1981 Metwali's Models C23
2
Pavement Model R
Asphalt PSI - 3. 94 - 0.00072 * C 0.79
Overlay PSI = 4. 37 - 0.00174 * C 0.77
JRC PSI = 4. 69 - 0. 00141 * C 0. 88
CRC PSI = 4. 40 - 0. 00070 * C 0. 59
JRC/CRC PSI = 4. 58 - 0.00114 * C 0.71
Note : C = Roadmeter counts per kilometer
<c> 1983 Division of Research and Training Models C283
Pavement Model
Flexible PSI = 8. 72 - 1.96633 * log(RN) 0.71
Rigid PSI = 11.73 - 2.83369 * log(RN) 0.68
Note : RN = Roadmeter counts per mile
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3. Measurements on two-lane highways showed non-
significant differences between the two sides of the
two-lane highways.
Based on the findings and recommendations of the two JHRP
studies, a further study [28] was undertaken by the IDOH
Division of Research and Training (DRT) to address some
questionable areas found in the two studies. The number
of test sections were increased to portray the current
pavement makeup. Vehicles representative in kind and
number of the traffic population were used and the
roughness range was extended to cover the full range of
roughness encountered in the field. Findings of the study
include the following:
1. A linear model was suitable for a limited range of
roughness numbers, but gave negative PSI value at
higher roughness numbers.
2. Analyses showed that the response of CRC pavement was
statistically similar to that of the JRCP sections.
The same held true for flexible and overlay
pavements
.
The analysis performed in this dissertation adopted
the 1983 DRT PSI models used by the IDOH Division of
Research and Training in its pavement evaluation program.
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4.3.2 Computation of Cumulat ive ESAL
The K.SAL of each vehicle type was computed directly
from the following equation which was developed from the
AASHO Road Test [9,15] :




+ log K^y r (4.2)
g = loj (^) (4.3)










SN = T for rigid pavement (4.5)
SN = a D. + a.D. + a D, for flexible pavemen t ( 4 . 6
)
ESAL = equivalent single axle load of axle type x
L = axle load in kips
x K
L = 1 for single axles
2 for tandem axles
P = terminal serviceability index
SN = slab thickness (rigid pavement)
structure number (flexible pavement)
A,B ,C,D,E ,F ,H,I = constants with values specified
in Table 4.12.
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Table 4.12 Values of Constants in Equations (4.2)
through (4.4)
Constant Flexible Pavement Rigid Pavement
A 4. 79 4. 62
B 4. 33 3. 28
C O. 40 1 . 00
D 0. 081 3. 63
E 3. 23 5. 20
F 5. 19 8. 46
H 3. 23 3. 52
I 4. 20 4. 50
V D 2» D 3
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layer coefficients representative of surface,
base and subbase course, respectively,
thickness, in inches, of surface, base and
subbase course, respectively.
In calculating ESAL with the above formulas, Indiana
practice [38] was followed. A terminal serviceability
index P value of 2.5 or 2.0 was used for flexible
pavement, and 2.5 for rigid pavement. The following layer
coefficients were used for computing flexible pavement
structural number:
Bituminous Surface = 0.4/inch
Bituminous Binder = 0.34/inch
Bituminous Base = 0.3/inch
Bituminous Stabilized Subbase = 0.24/inch
Bituminous Aggregate Type "P" = 0.14/inch
Granular Subbase = 0.08/inch
Since the traffic stream composition on a given
pavement section, and the accumulated traffic volume for
the analysis period were known, the corresponding
accumulated ESAL was computed as follows:
N









proportion of vehicle type i in the
traffic st ream
ESAL of a single type i vehicle
accumulated traffic volume
4.3.3 Plot ting of Field Performance Curves
For a given pavement section, knowing a PSI value and
the corresponding cumulative ESAL, a point on the field
performance curve of the pavement was obtained. This
procedure was repeated for other points of time at which
data were available. Field performance curve of the
pavement was then plotted.
4.4 Procedure o f Pavement Damage Responsibility Analy s is
The IDOH pavement design method [26] follows the
procedure' described in the AASHTO Interim Guide [9]. IDOH
uses a regional factor of 1.0 for all flexible pavements
in the state. Equations (3.6) and (3.7) therefore
represent exactly the design equations used in Indiana.
The major steps involved in the performance analysis
of the state highway system of Indiana is discussed in the
following sub-sections. The end results of this analysis
give an estimate of the pavement damage responsibilities
of load-related and non-load-related factors for each of
the highway routes considered.
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4.4.1 Criteria for Performance Analysis
At least two, desirably more, highway sections are
required to establish the relationship between pavement
performance and level of routine maintenance. Since the
performance analysis is performed with reference to an
AASHTO performance curve, it is valid only if all the
highway sections included in each analysis have the same
AASHTO performance curve.
As design criteria are different for different
highway functional classes and types of pavement and
pavement thicknesses, it is necessary to group pavements
by highway class, pavement type and thickness, and to
analyze them separately. Based upon the findings of the
serviceability studies conducted by JHRP at Purdue
University [2,27] and a study at IDOH Division of Research
and Training [28], two pavement types were identified in
this research. The two pavement types refer to flexible
pavement and rigid pavement. Three highway classes were
considered and they are Interstate highways, Primary and
Secondary State Routes.
For flexible pavements, the AASHTO performance curve
is given by Equation (3.6) and PSI values were computed by
the flexible pavement PSI model in Table 4.11(c). For
rigid pavements, Equation (3.7) and the rigid pavement PSI
model in Table 4.11(c) were used.
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The IDOH criterion [26] for selecting the terminal
serviceability index, P , in Equation (3.4) was followed.
For Interstate highways, Primary State Routes and some of
the Secondary State Routes, a P . value of 2.5 was used.
For the remaining Secondary State Routes, the P value was
set to 2.0.
4.4.2 Establishing No - Loss Line
The no-loss line shown in Figure 3.3 is defined by
the initial PSI value of a pavement when it is open to
traffic. For highways constructed or resurfaced after
1974, this information was available in the Construction
Records maintained by the IDOH Division of Research and
Training
.
For pavement sections where the initial PSI was not
recorded or not available, the following values were used:
4.20 for flexible pavements and 4.50 for rigid pavements.
These are the values the AASHTO Interim Guide suggested
for new pavements. They are also the values commonly used
for computing serviceability loss in pavement evaluation
practices [7,30].
4.4.3 Calculating PSI-ESAL Losses for Performance Curves
A computer program was written to compute, by means
of numerical integration, the PSI-ESAL losses defined in
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Figure 4.4. The AASHTO performance curve was defined by
Equation (3.6) or (3.7), while the field performance
curves were determined by the procedure described in
Section 4.2.
4.4.4 Compu t ing Rout ine Maintenance Expend i tures
An aggregate annual pavement routine maintenance
expenditure was first computed for each highway section by
means of the procedure developed by Sharaf [19] described
in Section 4.2.4. All costs were expressed in terms of
1983 dollars. An average annual maintenance cost was then
calculated for the analysis period. The indicator chosen
to represent a level of pavement maintenance of a highway
section was the average annual dollar expenditure per
lane-mile spent on the highway section. This index was
obtained by dividing the annual pavement routine
maintenance cost of the highway section by its total
lane-miles
.
4.4.5 Deriving PSI - ESAL Loss ( A+ B ) o o_f_ Zero -Maintenance
Curve
Each of the field performance curves in Figure 4.4 is
defined by two parameters. The first parameter, PSI-ESAL
loss (A+B) , represents the amount of observed pavement
damage of highway section i, the second parameter, S. , is
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highway section i. It provides an indication of the level
of pavement maintenance performed on the highway section.
To derive the PSI-ESAL loss (A+B) of the so-called
o
zero-maintenance curve, the PSI-ESAL losses (A+B) computed
in Figure 4.4 were plotted against its respective level of
maintenance represented by the expenditure parameter S . .
A least square line was fitted to the data points. The
intercept of this line with the PSI-ESAL loss axis gives
an estimate of the desired quantity (A+B) . An example of
such a plot is shown in Figure 4.5.
4.4.6 Damage Responsibilities of Load - Related and Non-
Load - Related Effects
Knowing PSI-ESAL loss A from Section 4.4.3 and (A+B)o o
from Section 4.4.5, Equations (3.9) through (3.14) were
used to compute the relative pavement damage
responsibilities of load-related and non-load-related
effects.
For the example shown in Figure 4.5, area A for the
pavement was computed to be 0.2163 x 10 PSI-ESAL. This
gives a proportion "a" value of 0.4189. Solving Equations
(3.12), (3.13) and (3.14), it gives
d = 0. 1862
b = 0.2434
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The total proportion of load-related effects
therefore is (a+b) = 0.6623, and the total proportion of
non-load-related effects is (c+d) = 0.3377.
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CHAPTER 5
DAMAGE RESPONSIBILITIES OF LOAD-RELATED
AND NON-LOAD-RELATED EFFECTS ON HIGHWAYS IN INDIANA
5.1 Introduction
This chapter presents the results of the application
of the proposed aggregate performance approach to pavement
damage responsibility analysis of the state highways of
Indiana. Also included in this chapter are analyses
performed to investigate the influence of pavement type,
pavement thickness, climate, subsoil conditions and other
factors on the relative magnitude of damage
responsibilities of load-related and non-load-related
effects. Further analysis of the results with respect to
the relationship between pavement performance and routine
maintenance is presented in Chapter 6.
5 .
2
General Description of the Resul t
s
A total of 75 cases were analyzed. These consist of
6 cases for rigid pavements and 69 cases for flexible
pavements. Flexible pavements include asphalt pavements
90
and composite pavements with bituminous overlay on
concrete slab. Tables 5.1 and 5.2 provide a complete
listing of the computed damage responsibilities for the 75
cases .
An effort was made to include as many highways as
possible in the analysis in this study. There are in
total eight Interstate highways in Indiana. Interstate
80/90 was not analyzed because it is a toll road, its
maintenance cost data were kept separately from those of
the state highway system and were not available for this
study. An analysis of Interstate 465 was not possible as
its entire length was located within one county, giving
only one data point on a PSI-ESAL loss-maintenance
expenditure plot.
By route number, there are about 195 state routes in
Indiana. Many of these routes were not included in this
study due to one or more of the following reasons: (i)
the route consisted of one highway section only; (ii)
maintenance cost data were not available; (iii) roughness
data were not available; (iv) the pavement types of
different highway sections were different; (v) the
pavement thicknesses of different highway sections were
different; or (vi) pavement characteristic data such as
pavement thickness and age were absent.
In terms of highway number, 75% of Interstate
91
Table 5.1 Load-Related Pavement Damage Responsibilities
for Flexible Pavements in Indiana
No His|htuay Percent No Hig^iway Percent
Route Responsib i 1 i ty Rout;e Resiponsib i 1 i ty
1 SR l(n) 82.3 36 SR 39(n> 88. 9
2 SR ICs) 96. 2 37 SR 39(s> 99. 5
3 SR 2 71.3 38 US 40 89. 6
4 SR 3(n> 89. 5 39 US 41 98. 6
5 SR 3(s) 95. 1 40 SR 42 99. 4
a SR 4 83. 2 41 SR 43(n) 92. 9
7 SR 5 78. 9 42 SR 43<s) 99. 9
8 US 6 87. 8 43 SR 44 95. 4
9 SR 8 85. 2 44 SR 46 94. 1
10 SR 9(n> 87. 8 45 SR 47 96. 3
11 SR 9(s> 97. 8 46 SR 48 94. 5
12 SR 10 86. 47 US 50 94. 4
13 SR 13 83. 4 48 US 52(n) 84. 1
14 SR 14 86. 4 49 US 52(s> 93. 1
15 SR 16 93. 8 50 SR 55 86. 3
16 SR 17 86. 51 SR 56 96. 1
17 SR 18 88. 2 52 SR 57 93. 9
18 SR 19 88. 2 53 SR 58 100.
19 US 20 79. 1 54 SR 60 94. 6
20 SR 23 77. 3 55 SR 62 96. 9
21 US 24 87. 7 56 SR 63 95. 8
22 SR 25 86. 8 57 SR 64 94. 1
23 SR 26 92. 58 I 64 97. 1
24 SR 28 89. 1 59 I 65(5) 100.
25 SR 29 83. 2 60 SR 67 91. 4
26 US 30 82. 9 61 SR 75 92. 1
27 US 31(n) 82. 62 SR 135 94. 8
28 US 31(5) 82. 9 63 US 150 94. 6
29 SR 32 91.9 64 US 231(n) 89. 6
30 SR 33 79. 8 65 US 231(s) 90. 6
31 US 35 89. 66 SR 234 93. 9
32 US 36 93. 7 67 SR 236 90. 5
33 SR 37(n) 82. 5 68 US 421 (n) 98. 4
34 SR 37(s) 99. 5 69 US 421(s) 96. 9
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highways and about 30% of state routes are considered in
the study. In terms of mileage, approximately 82% of
Interstate highways and 61% of state routes are included.
All the 6 rigid pavement cases were found to be
Interstate highways. The 69 flexible pavement cases
included two Interstate highways which were the overlay
pavement on the southern half of 1-65 and the flexible
pavement on part of 1-64. The remaining 67 cases belonged
to state routes. There were a few state routes which ran
in the north-south direction across the state. These
routes were divided into southern and northern halves
based upon the reasoning that averaging effects of a
combined analysis may conceal the influence of climatic
effects which have been found to be statistically
significant in two earlier studies [19,31].
5. 3 Identification of Variables for Damage Responsibility
Correlation Analysis
The factors that are likely to have an influence on
the magnitude of the relative damage responsibilities of
load-related and non-load-related effects are identified



















The ranges of the values of these variable used in
this study are summarized in Table 5.3.
5.3.1 Pavement Characteristics
Pavement Type --Damage responsibilities were computed
for two basic types of pavements, namely flexible
and rigid pavements. In this study flexible pavements
included all types of asphalt pavements as well as
composite pavements with bituminous overlay. Rigid
pavements represented continuously reinforced
concrete pavements, jointed reinforced concrete
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b. Pavement Age — Different sections of a highway route
may not have the same pavement age. To overcome this
problem, a weighted average value was used in
performance analysis to compute pavement damage
responsibilities. This number was obtained by
weighting the pavement age of each highway section
with its length.
c. Pavement Thickness — All the rigid pavements
analyzed have the same thickness of 10 inches. A
relatively wide range of pavement thickness,
expressed in terms of structural numbers, is found in
the case of flexible pavement as shown in Table 5.3.
5.3.2 Traffic Loadings
a. Mean AADT — For each highway section, an arithmetic
average AADT was first computed for the analysis
period. These values for highway sections were then
weighted by their respective lengths to yield the
mean AADT for the highway route over the analysis
period. It should be noted that the AADT values
given in Table 5.3 refer to the AADT per lane. For
undivided two-lane highways, directional split of
50-50% was applied to the total AADT values for the
highway. This is in agreement with the design
procedure of IDOH [26], and other commonly adopted
practices [42,44,45]. For divided highways with two
97
or more lanes, IDOH adopts the following lane traffic
factors:
2 lanes each direction 0.9
3 lanes each direction 0.8
These factors were used in this study to compute lane
AADT for performance analysis. These values are also
recommended in other studies and practices
[46,47,48]. The above procedure for computing lane
AADT concurs with the findings and roughness
measurement procedure in Mohan's [2], Metawali's [27]
and the DRT [28] serviceability studies.
b. Mean Annual ESAL — The arithmetic average annual
cumulated ESAL value of each highway section was used
to compute the desired mean annual ESAL value the
entire highway route concerned, following the same
weighting procedure used for calculating mean AADT
described earlier. As short-cut methods for
converting mixed traffic to ESAL, such as the use of
an aggregate ESAL factor [50], are known to be the
source of errors in pavement design and pavement
analysis [18,51], ESAL values were computed for each
pavement section using the original AASHTO formulas
given in Equations (4.2) through (4.6).
c. Accumulated ESAL — For a highway route, the analysis
period was equal to the pavement age computed
98
in Section 5.3.1. For each highway section on the
highway route, an accumulated ESAL was calculated for
the analysis period. The accumulated ESAL for the
entire highway route was obtained by weighting each
highway section accumulated ESAL value with its
length
.
5.3.3 Environmental and Climat ic Condi t ions
a. Freezing Index — Frost action of roadbed soil has
long been recognized as a major factor which affects
pavement performance [33,34]. Soil freezing depends
to a large degree upon the duration of depressed air
temperatures. Degree day has been used customarily
to provide a measure of this effect. One degree day
represents one day with a mean air temperature one
degree below freezing. The freezing index for a
given year is obtained from a cumulative plot of
degree days versus time. It is equal to the
difference between the maximum and minimum points on
the cumulative degree-day plot. The freezing index
has been correlated with depth of frost penetration
in literature [30,32]. A map of mean freezing index
distribution in Indiana is given in Figure 5.1.
b. Mean Annual Snowfall — Based upon the Indiana
snowfall records which are available at the

























University, a contour map for the mean annual
snowfall in inches was prepared, as shown in Figure
5.2.
c. Mean Annual Rainfall — The distribution of mean
annual rainfall in inches for Indiana is shown in
Figure 5.3.
d. Thornthwaite Moisture Index — This index was
developed by Thornthwaite [35] to classify climate on
the basis of moisture and temperature. It has been
used to relate to engineering properties and behavior
of pavement materials in the area of moisture-related
pavement distress analysis [36]. The distribution of
Thornthwaite Moisture Index in Indiana is shown in
Figure 5.4.
e. Freeze-Thaw Cycle Index — Damage or deterioration of
highway pavements, rigid pavements in particular, may
be brought about by repeated cycles of freezing and
thawing. Unfortunately, the number of freeze-thaw
cycle in roadbed soil or in the pavement itself
cannot be measured easily and such information is
rarely available. In this study, an index based on
fluctuations of air temperature was used to
approximate the actual number of freeze-thaw cycles.
The procedure to compute the freeze-thaw cycle

























temperatures at more than 90 locations in Indiana are
available in the Indiana CI imat ological Data
published monthly by the National Climatic Center
[37]. Twelve stations and a period of 10 years
(1974-1983) were considered in developing the
freeze-thaw cycle index contour map in Figure 5.5(a).
The locations of the twelve stations are given in
Figure 5.5(b).
Each index value represents the mean annual
number of air temperature change over the ten-year
period. A temperature change is defined as a change
of air temperature across the freezing temperature,
32 F. It should be noted, however, that only six
months (January through March, and October through
December) in each year were included; and that the
procedure had implicitly assumed a maximum of two
temperature changes in a 24-hour period.
f. Annual Average Temperature — The distribution of
annual average temperature in Indiana is shown in
Figure 5.6.
g. Soil Support Value — The evaluation of soil support
value for major soil types in Indiana has been
described in Section 4.5.5. Figure 5.7 shows a
simplified presentation of soils type distribution in














































analysis were, however, evaluated using the original
full-scale version of the map shown in Figure 4.2..
For each of the environmental indices discussed
above, a common procedure was employed to compute a
weighted value for a given highway route. Different
sections (not necessarily highway sections) of a highway
route were each assigned a value of a particular index in
question, these values were then weighted by the length of
their respective sections to arrive at a weighted index
for the highway route.
5 . 4 Damage Responsibility and Pavement Type
The statistics of the damage responsibilities
computed for rigid pavements and flexible pavements are
summarized in Table 5.4. A detailed comparison of the
performance analysis results of the two pavement types is
difficult because of the following reasons: (i) different
AASHTO performance equations for the two pavement types
were used in the performance analysis; (ii) different PSI
models were used to determine their field performance
curves; (iii) pavement thickness of the two pavement
types were not computed in the same manner; and (iv)
vehicle ESALs for the two pavement types were calculated
by different formulas.
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aggregate performance approach, the physical meaning of
the term 'load-related responsibility' is directly related
to ESAL and AASHTO performance equations, it would
therefore be inappropriate to compare the magnitudes of
damage responsibilities for the two pavement types
presented in Table 5.4.
This same restriction also holds true for the
disaggregate distress function methodologies discussed in
Chapter 2 because the lack of a common basis for
comparison would still exist. Distresses that are found
in flexible pavements are different from those in rigid
pavements. A flexible pavement distress classified as
load-related cannot be compared to a rigid pavement
distress which is also classified as load-related. There
simply does not exist an absolute measure of load effects
that permits a straight-forward comparison to be made.
The use of distress weighting scheme in disaggregate
distress function approach further complicates the matter.
Due to the limitation discussed above, pavement
damage responsibility correlation analyses were carried
out separately for the two pavement types.
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5.5 Regional Effects on Damage Res pons ibll 1 ty
5.5.1 Regional Zones in Indiana
Two environmental and climatic regions in Indiana
have been commonly used in past studies [29,54,55,56].
These are the northern and the southern regions depicted
in Figure 5.8.
It should be noted, however, that there is no stated
criteria upon which one could define the dividing line
between the two regions in Figure 5.8. The original basis
of this grouping was the contours of equal regional
factors shown in Figure 5.10 which was produced by Van Til
et al. [18]. These contours were developed from an
evaluation survey concerning the regional factors used in
various states. It is important to recognize, as Van Til
et al. pointed out in their report, that (i) no test
results or physically measured quantities were used to
derive these contours, and (ii) these regional factor
values are meant to be related to flexible pavement
performance
.
Although the IDOH uses a uniform factor of 1.0 in
their design of flexible pavement for the entire state of
Indiana, Yoder et al. [52,53] found that the regional zones
indicated in Figure 5.9 provide a reasonable assessment of
the general climatic and environmental pattern for












































in Figure 5.8, instead of the three regions in Figure 5.9,
be used to represent the climatic and environmental
conditions in Indiana for pavement evaluation purposes.
This zoning criterion was later adopted by two subsequent
studies concerned with pavement resurfacing programming
[31] and pavement maintenance cost analysis [19].
The general characteristics of the two regions are
illustrated in Table 5.5 which gives the ranges of values
of various climatic and environmental variables. It is
noted that while the northern region has a longer period
with depressed temperature and heavier snowfall, the
southern region receives more precipitation and
experiences more changes of air temperature across the
freezing point
.
5.5.2 Statistical Analysis of Regional Effects
In investigating the effects the two regions have on
the relative magnitudes of damage responsibilities of
load-related and non-load-related factors, the following
general regression model was adopted.
Yl
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where
Yl = percent damage responsibility of load-related
effects
Z = for southern region
1 for northern region
X2 = pavement age in years
X3 = slab thickness in inches for rigid pavement;
structural number for flexible pavement
X4 = mean AADT
X5 = mean annual ESAL
X25 = total accumulated ESAL
e = random error term
c, = regression parameters, k=l, 2, ...., 6
n = total number of observations
Only variables which are not characteristics of the
two regions are included in the model. The environmental
and climatic variables discussed in Section 5.3.3, which
describe the conditions in each of the two regions, are
qualitatively represented by the indicator variable Z.
Since the goal was to test if the percent damage
responsibility of load-related effects was different in
the two regions, no attempt was made to obtain the
best regression model out of Equation (5.1). In drawing
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5.5.3 Analysis for Flexible Pavements
The regression results for flexible pavement based
upon the model in Equation (5.1) is summarized in Table
5.6. The conclusion is c * at both 0.05 and 0.01 level
of significance. This means that the damage
responsibilities on flexible pavements in the two regions
were significantly different.
Due to its longer cold period and higher amount of
snowfall, the northern region is commonly regarded as
having a more severe climatic conditions than those at the
southern region. The results in Table 5.6 indicate, with
99% confidence, that the load-related responsibility was
less in the northern region. In other words, the non-
load-related responsibility in the northern region was
significantly higher than that in the southern region.
By representing each highway route by the location of
its mid-point, a plot of damage responsibility percentages
for flexible pavements is prepared in Figure 5.11 to show
the general distribution pattern of these values. The
vertical axis coordinate refers to the mid-point location
of a highway route, measured northerly in miles from
1 15
Table 5.6 Statistical Analysis for Model in Equation
(5.1) Flexible Pavement
(a) Regression Analysis
Coeff. Estimated Value Standard Deviation t Value
























0. 0003 -0. 330
13. 39 1. 592
1.938 -0.753
(*) significant at lavels 0.05 and 0.01
(b) Analysis of Variance
Source of Variation Sum of Squares df MS
Regression 1667.14 6 277.86
Error 967.79 62 15.61
Total 2634.93 68





















































• Number beside a data point
represents highway route number
• Letters n and s indicate northerh
and sourthern section respectively
of a highway route
1-64
10 20 30
Percent Damage Responsability of Non-Load -Related Effects
Figure 5.11 Regional Distribution of Damage Responsibility
for Flexible Pavements in Indiana
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Owensboro — a small town located at the southern border
of Indiana. A distinct distribution pattern of damage
responsibilities can be observed from the plot. Non-
load-related damage responsibility tends to become higher
in the north as the weather becomes more and more severe.
5.5.4 Analysis for Rigid Pavements
Due to the small number of cases available for rigid
pavements, a reduced version of the general model in
Equation (5.1) was needed. Based upon the general
goodness-of -f i t measure represented by the coefficient of
2multiple determination (R ), a reduced model with the
2highest value of R was selected. The model employed was:
Y1
i










i = 1, 2, .... 6
(5.2)
where all variables are defined in Equation (5.1).
The results of regression analysis and ANOVA are
presented in Table 5.7. The regional effect is
significant only at a level of significance equal to
0.248. It may therefore be concluded that, at 0.05 level
of significance, there was no difference between the
damage responsibilities in the two regions.
1 18
Table 5.7 Statistical Analysis for Model in Equation
(5.2) Rigid Pavement
(a) Regression Analysis
Coeff. Estimated Value Standard Deviation t Value
c 90.6581 5.805 15.618
c, 2.5675 1.7939 1.43K*)
c„ -1.8171 0.3415 -5.321
(*) significant at lavel 0. 248
not significant at level 0.05
(b) Analysis of Variance
Source of Variation Sum of Squares df MS
Regression 157.85 2 78.925
Error 14. 13 3 4. 713
Total 171.98
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5.5.5 Relating Results to an Earlier Study
Sharaf [19,55] has made significant contributions in
analyzing the highway routine maintenance costs in
Indiana. A part of Sharaf's work dealt with the
development of prediction models for routine maintenance
costs. These models were expressed as functions of
highway class, pavement type, traffic level and climatic
zone .
Since identical climatic zones, and the same state
highway system were analyzed over approximately the same
period of time, it is interesting and informative to
relate the results of Sharaf's work to those obtained in
the present study. Sharaf concluded that, although all
prediction models of different pavement types estimate
higher values of maintenance expenditure in the northern
region for a given level of traffic loading, there were
insignificant differences statistically between the
expenditures in the two regions.
This conclusion is important in that, together with
the results in Section 5.5.3, it reveals an inconsistency
between distribution of maintenance expenditures and the
need for pavement repair on flexible pavements of the
state highway system. While the conclusion in Section
5.5.3 indicates that climatic effects were playing a more
significant role in the northern region, unit maintenance
120
expenditure analysis results do not show a matching
distribution of fund and activities.
5.6 Development of Damage Responsibility Prediction Models
One of the objectives of this study was to develop
prediction models so that damage responsibilities of
load-related and non-load-related effects may be estimated
from easily available information such as pavement
inventory data, traffic data, and data on environmental
and climatic conditions.
5.6.1 Uses of a_ Damage Responsibility Predict ion Model
A damage responsibility prediction model may find
application in the following areas:
a. Highway Cost Allocation Analysis — Although an
aggregate performance approach methodology for
pavement damage analysis does not require as much
data, computing effort and time as required by a
disaggregate distress function approach methodology,
the amount of time and effort involved are still
excessive if a periodic cost allocation analysis is
to be carried out in every two or three years. The
availability of a damage responsibility prediction
model would greatly reduce the time and effort
required in such a study, thereby permitting cost
121
allocating analysis to be performed on a regular
basis. Updating and improvement of prediction models
may be carried out in the intervening period between
two successive cost allocation studies.
b. Pavement Design — While the predicted damage
responsibilities obtained from a prediction model
cannot be used directly in the present pavement
design procedure, a high predicted environmental
damage responsibility might indicate the need to
provide, for instance, better drainage, the use of
weather-resistant materials, or other precautionary
measure
.
Routine Maintenance Planning — Information
concerning relative damage responsibilities may aid
routine maintenance planning at both project and
network levels. At the project level, certain
preventive maintenance work may be scheduled at
critical periods of the year if the pavement
concerned is predicted to have a high non-load-
related responsibility. At network level, allocation
of fund or human resources may be effected during the
same critical periods so that areas which are likely
to be affected more by climatic conditions would
receive the deserved attention.
122
5.6.2 Flexible Pavement Damage Responsibility Models
All the variables, X2 through X12, and X25 that are
listed in Table 5.3 were considered in the process of
developing a prediction model for Yl, the percent
responsibility of load-related effects. The correlation
matrix for these variables are shown in Table 5.8.
An inspection of the correlation matrix reveals that
there is a high coefficient of correlation between every
pair of the six climatic variables, X6 through Xll. The
section of correlation matrix that contains this
information is delineated by dotted lines in Table 5.8.
This suggests that it is likely to be sufficient to have
just one of these variables in a prediction model to
represent climatic conditions.
Based solely upon the values of their respective
coefficient of correlation with the dependent variable Yl,
X6 (the freezing index) appears to be the best candidate
for inclusion in a model. However, as can be expected
from the high correlation among them, the differences are
small. A more appropriate criterion might be the
availability of these data. For example , while rainfall or
snowfall data were readily available at many locations,
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so. There are therefore good practical reasons to present
a few alternative models in addition to the so-called
'best' regression model [40,41],
The SPSS stepwise regression search method [49] was
used to arrive at a 'best' set of independent variables.
The model obtained with this method is given in Equation
(5.3).
Yl = 112.378 - 0.03217(X6) - 3.25105(X3) (5.3)
where
Yl percent responsibility of load-related
effects
X6 = freezing index in degree-days
X3 = pavement thickness in structural number
Similar prediction models in terms of other climatic
variables are given in Equations (5.4) through (5.8)
below.
where
Yl = 123.495 - 0.60257(X7) - 3.22925(X3) (5.4)
Yl = 25.611 + 2.1130KX8) - 3.60559(X3) (5.5)
Yl = 64.465 + 1.00411(X9) - 3.52824(X3) (5.6)
Yl = 78.871 + 0.26264(X10) - 4.26178(X3) (5.7)
Yl = -42.356 + 2.86816(X11) - 3.69222(X3) (5.8)
X7 = Mean annual snowfall in inches
X8 = Mean annual rainfall in inches
125
X9 = Thornthwa tte moisture index
X10 = Freeze-thaw cycle index
Xll = Annual average temperature
Regression analyses were also carried out to study
the effects of having interaction terms in the above
models. The terms considered are interaction between
climatic and pavement characteristic variables,
interaction between climatic and traffic loading
variables, and interaction between climatic variables and
2soil support value. No significant improvement in R
value was found for any of the models with the inclusion
of interaction terms.
A summary of the regression characteristics of the
models presented in Equations (5.3) through (5.8) is given
in Table 5.9. As seen from this table, models (5.3) and
(5.4) in which freezing index and snowfall data are used
2respectively, have higher R value than the rest. Since
snowfall information is more readily obtainable from
commonly available cl imat ological data than freezing
index, model (5.4) appears to be the most practical model.
2The R values for reduced models containing only a
climatic variable were also computed and shown in Table
5.9. These results indicate that more than half of the
variation in Yl could be explained by any one of the six
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were the most important factors in predicting the damage
responsibilities on flexible pavements in Indiana.
It is important to note that the models developed are
statistical in nature, they are not mechanistic models.
Caution must be exercised in interpreting the meaning of a
regression model. The presence of a regression relation
between an independent variable and a set of dependent
2variables, such as a high R value, does not prove the
existence of a cause-effect relationship between them.
This point can be illustrated by considering the
regression relationship between damage responsibility and
mean annual rainfall expressed in Equation (5.5). This
model suggests that as annual rainfall decreases, climatic
effects (approximated by 1-Y1) increases. This is
contradictory to the common engineering understanding that
increased moisture content in subgrade soil due to
rainfall has an adverse effect on pavements [58,59,60].
The explanation to this seemingly paradoxical
relationship lies in the fact that rainfall was only one
of a number of climatic factors that influenced pavement
performance. Although rainfall was higher in the southern
region, other climatic factors were less severe in this
region. The computed damage responsibilities were the
results of combined action of traffic loadings and all
climatic and environmental factors. An erroneous
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conclusion would be obtained if one derives a cause-effect
relationship based upon only a single regression model.
5.6.3 Rigid Pavement Damage Responsibility Models
In general, high correlation coefficient values were
also found for each climatic variable pair of rigid
pavement data. The correlation matrix in Table 5.10
indicates that, with the exception of freeze-thaw cycle,
there are low correlations between climatic conditions and
damage responsibility. This finding concurs in general
with an earlier conclusion in Section 5.5.4 that the
regional effects on damage responsibility of rigid
pavement are insignificant.
All the six rigid pavement highways considered have
the same slab thickness of 10 inches. The model developed
in this study is therefore valid for one slab thickness
only. The other pavement characteristic variable, the
pavement age X2 , has a high coefficient of correlation
with damage responsibility.
At a 0.05 level of significance, all variables other
than X2 were found to be insignificant in explaining the
variation of damage responsibility Yl. This led to the
following prediction model:
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The results of regression analysis are presented in
Table 5.11 and Figure 5.12. Pavement age alone could
explain 86.17% of the variation in the damage
responsibility Yl.
Since the model in Equation (5.9) is statistical in
nature, one should be aware of the inference space upon
which it was derived. In particular, it should be
emphasized that only one slab thickness of 10 inches was
considered; and that since all the cases analyzed were
Interstate highways, the traffic levels on these routes
did not vary over a very wide range.
5 . 7 Summary Remarks
The results of the analyses performed in this chapter
are summarized and major findings are highlighted in this
section. Also included is a discussion concerning how
these results should and should not be interpreted.
Two basic pavement types were considered in the
analysis. Due to the fact that only gross performance
information in terms of serviceability is required in an
aggregate performance approach analysis, further breakdown
of the pavement types into more detailed classes was found
unnecessary. Since the performance equations and
serviceability evaluation models used to describe the
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common basis to combine or compare their damage
responsibility results. Consequently, separate analyses
were conducted and different damage responsibility models
were developed for the two pavement types.
An analysis was first conducted to investigate
regional effects on the magnitude of pavement damage
responsibility. Based upon the findings of past studies,
a northern and a southern region were used to represent
the climatic and environmental conditions in Indiana. The
damage responsibilities on flexible pavements were found
to be significantly different in the two regions. There
were, however, no significant differences in the case of
rigid pavements.
Relating the results of regional effect analysis to
the results of an earlier study dealing with routine
maintenance cost analysis revealed an imbalance in
the distribution of pavement routine maintenance
fund and effort between the northern and the southern
regions.
Prediction models were developed for estimating
damage responsibilities on both flexible and rigid
pavements. While climatic variables were able to explain
reasonably well the variations in damage responsibility on
flexible pavements, they could not explain much of the
variations in damage responsibility on rigid pavements.
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It is appropriate to mention here that the number of
rigid pavement cases was rather small, despite the fact
that more than 80% of the total rigid pavement mileage was
represented in the study. Unfortunately, this problem of
too few data points could not be solved as there simply
did not exist many rigid pavement highways in Indiana.
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CHAPTER 6
RELATIONSHIP BETWEEN ROUTINE MAINTENANCE AND
PAVEMENT PERFORMANCE
6 . 1 Introduction
In the aggregate performance approach for pavement
deterioration analysis, presented in Chapter 3, the
following general assumptions were made regarding the
relationship between pavement routine maintenance and
pavement performance:
a. Pavement performance was assumed to be positively
related to routine maintenance levels. This means
that, for a given pavement section, the higher the
level of routine maintenance, the higher would be
the level of pavement performance.
b. A mathematical relationship, be it mechanical or
statistical, was assumed to exist between pavement




The application of the aggregate performance
approach methodology to the 1983-84 Indiana Highway Cost
Allocation Study provided a case study which could be used
to examine the validity or reasonableness of the above




tat ive Representation of Level of Pavement
Routine Maintenance
The selected quantitative measure for the level of
routine maintenance on a given highway section was
the maintenance expenditure per lane-mile of the highway
section. This same measure was also used by Sharaf [19] in
studying relationships between pavement maintenance
expenditures and independent variables such as climatic
conditions and traffic loadings.
It is known that different maintenance activities
would not have the same unit costs [19,68]. Since the
type and extent of distresses are likely to be different
on highways with different pavement characteristics (age,
thickness and materials), subsoil and climatic environment
and traffic loadings, it is clear that maintenance cost
per lane-mile cannot be used as a parameter to compare the
levels of routine maintenance on two different pavements.
However, for a highway route having homogeneous pavement
characteristics and similar traffic loadings as well as
environmental and climatic conditions over its entire
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length, the unit cost parameter can offer a meaningful
comparison of the levels of maintenance performed on
different highway sections of this route.
It is noted that the very concept of the proposed
aggregate performance approach required that all the
highway sections in an analysis be of the same design and
with uniform pavement characteristics. Furthermore, these
highway sections included were generally subjected to
similar climatic, environmental and traffic conditions.
It may therefore be concluded that the parameter of
maintenance cost per lane-mile was a valid representation
of level of pavement routine maintenance for the analyses
performed in this research study.
6 . 3 Quantitative Representation of Pavement Performance
It has long been recognized that pavement performance
is a manifestation of the aggregate response of a pavement
in question under the combined effects of traffic loads,
environment, age, initial design and construction, routine
maintenance policy and amount of past maintenance
[69,70,71]. A performance curve therefore is a result of
the interaction between pavement characteristics and
externally imposed effects.
It follows that any quantitative measure derived from
a performance curve refers to the state of conditions of a
138
given pavement with a known set of pavement
characteristics. The quantitative representation of
performance curve, PSI-ESAL loss, must also be interpreted
as such.
It is of importance to keep in mind that a comparison
of PSI-ESAL losses is meaningful in the performance
analysis of a highway route only if the pavement sections
under consideration possess homogeneous pavement
characteristics. This may be explained by considering the
example in Figure 6.1.
Shown in Figure 6.1 are performance curves of two
pavements with different pavement characteristics. Both
pavements are maintained by a given highway agency and the
same level of routine maintenance is applied to both.
Since pavement characteristics are not the same, different
performance curves are obtained for the two pavements. At
an arbitrary stage 'a' the two pavements would have
different PSI-ESAL losses as given by areas D and E in
Figure 6.1, despite having the same per lane-mile
maintenance cost spent on both pavements. This shows
that, for a given level of maintenance specified by
maintenance cost per lane-mile, the measure PSI-ESAL loss
cannot be used to differentiate between pavement
performance curves of pavements with different pavement
characteristics. In other words, PSI-ESAL loss is a















Q o UJ o
cO co it n
<o </> v o)co c_ o
< _l < _J
c_ * a.
3 X —
o — UJ e '
<u <-» a> iu c o a>c <o c c
14 E to ed
E O) c _|u > 0}
o (8 4-* "S
CL c (B
V . <d ..







C - ;..*,.., - /




CO * . • • */
CO






f CO 4-* C
a> cd
'-**/ / u * Q. a>
a X ° CM c-























< O (0 <
CO
c «J






































different pavement sections only if the pavement
characteristics of these pavement sections are the same.
It is also possible that different maintenance policy
and maintenance technology may give rise to different
pavement performance even though the amount spent per
lane-mile and the pavement characteristics on different
pavements are the same. This situation is depicted in
Figure 6.2. It represents another example in which
different PSI-ESAL losses are found with pavements
maintained by the same expenditure per lane-mile.
The examples in Figure 6.1 and 6.2 indicate that a
performance analysis based upon relationships between
level of pavement routine analysis and pavement
performance, expressed in terms of maintenance expenditure
per lane-mile and PSI-ESAL loss respectively, would be
valid if the following two requirements are met:
1. The highway sections included in each independent
performance analysis must be homogeneous in pavement
characteristics.
2. The maintenance policy and technology must be uniform
over the entire length of the highway route analyzed.
The first requirement has been shown to be satisfied in
the discussion in Section 6.2. As for the second
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in Indiana is needed to assess if it is fulfilled.
A recent study by Sanderson and Sinha [72] provides
an insight into the management and programming of routine
maintenance in Indiana. There are three levels of
management in the IDOH Division of Maintenance: central
office level, district level and the subdistrict level.
Before the beginning of each fiscal year, personnel from
the central office visit different subdistricts to
determine maintenance needs. Adjustments to the
maintenance program are subsequently made by the managers
from all three levels before the program is finalized.
Due to such close liaison among the three levels, it
appears logical to conclude that there is a reasonably
uniform maintenance policy and technology across the state
of Indiana. That is, the second requirement may be
considered to be satisfied for the performance analysis on
Indiana highways presented in this dissertation.
There is a significant implication about fulfilling
the two stated requirements. It means that a performance
curve can thereby be uniquely defined by the parameter
PSI-ESAL loss for a given level of pavement routine
maintenance designated in terms of dollar amount of
maintenance expenditure per lane-mile. To put it
mathematically, there is a one-to-one correspondence
between the two quantities, PSI-ESAL loss and dollar
maintenance expenditure per lane-mile, under the
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conditions stated in requirements 1 and 2 mentioned above.
6.4 Positive Correlation of Level of Maintenance and
Pavement Performance
The discussion in Section 6.2 and 6.3 has established
that PSI-ESAL loss and the dollar maintenance expenditure
per lane-mile are respectively valid representation of
pavement performance and level of pavement routine
maintenance in the context of the performance analysis
concept followed in this dissertation; and that the
relationship between level of pavement routine maintenance
and pavement performance can be examined by considering
the relationship between these two quantitative measures.
This section examines the validity of assumption (a)
stated in Section 6.1. This assumption says that for each
highway route which satisfies the two requirements in
Section 6.3, the levels of pavement routine maintenance
are positively related to pavement performance.
The detailed results of correlation analysis between
PSI-ESAL losses and dollar maintenance expenditures per
lane-mile for 69 cases of flexible pavement routes and 6
cases of rigid pavement routes are given in Tables A.l and
A. 2 in the Appendix. The signs of coefficients of
correlation, R, are of special interest because the main
concern now is to check if levels of maintenance are
144
indeed correlated positively to pavement performance.
The (ILHtribuLlori ol the values of K is shown in the
form of a histogram in Figure 6.3 for 68 cases, including
62 flexible pavement and 6 rigid pavement cases. Seven
flexible pavement cases which have two data points and a R
value of -1.00 each are not included in the histogram
presented in Figure 6.3. The results clearly show that,
in all the 75 cases analyzed, high PSI-ESAL losses were
associated with low maintenance expenditures. In other
words, low pavement performance was associated with low
level of pavement maintenance, and vice versa. These
results therefore provide ample evidence that the
assumption of positive correlation between pavement
performance and levels of pavement routine maintenance was
valid for the performance analysis on Indiana highways.
6.5 Suitability of Linearity Assumpt ion
There is no known published relationships between
level of pavement routine maintenance and pavement
performance. The state-of-the-art knowledge in pavement
performance evaluation technology has not advanced to a
stage where a comprehensive technical analysis can be
carried out to derive such a relationship. As an
approximation to the true relationship between level of
maintenance and pavement performance, a regression
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line to the data points in the performance analysis of
each highway route.
The suitability of the linearity assumption were
checked by the following two criteria: (i) The general
goodness-of -f i t represented by the coefficient of multiple
o
determination, R , was examined. It provides a measure of
the degree of association or correlation that exists
between the two variables. (ii) A t-test on the
population correlation coefficient, p, was performed to
determine whether or not the linear relationship offered
an adequate explanation of the true situation.
2
The value of R for each of the 69 flexible pavement
routes and 6 rigid pavement routes are found in Tables A.l
and A. 2 in the Appendix. A histogram of these values is
presented in Figure 6.4. It can be seen that although
2
there is a relatively wide range of R values, the
2
majority (about 75%) of the cases analyzed have R higher
than 0.60.
Due to the relatively small number of data points
available for each highway route, an adjusted coefficient
of multiple determination [40] was computed for each route
to give an indication of the effect this limitation might
2
have. The adjusted R values for all the cases analyzed
were calculated in Tables A.l and A. 2 and are presented in
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2with R higher than 0.60 now becomes 51%.
The t-test for significance of linear relationship
involves testing the null hypothesis that p = versus the
alternative p * 0. Symbolically, it is
V p = °
Hj : p *
The results of this test are found in Tables A. 1 and
A. 2 in the Appendix. A breakdown of these results is
presented in Table 6.1. Table 6.1(a) indicates that
linear relationship was significant for about one-third of
the cases at 5% level of significance, and for slightly
more than half of the cases at 10% level of significance.
If only those cases with five or more data points were
considered, there were 41 eligible cases. Table 6.1(b)
shows a much improved result where the test was
significant for 61% and 80% of the cases respectively at
5% and 10% level of significance.
Another way to asses the quality of the results of
these correlation analyses is to look at the width of
interval estimate of the population correlation
coefficient, p, for each of the performance analyses
performed [78]. The computed 95 percent confidence
intervals of p for the flexible and rigid pavement cases
analyzed are presented in Tables 6.2 and 6.3 respectively.
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Table 6.1 Significance Test for Linear Relationship
between PSI-ESAL Loss and Mean Annual
Maintenance Expenditure Per Lane-Mile
<a> Results for Cases with 3 or more Data Points
Level of
Significance










Note : Total number of cases = 68
Not including 7 flexible pavement cases with
2 data points each
(b> Results for Cases with 5 or more Data Points
Level of
Signif icance










Note : Total number of cases = 41
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Table 6.2 95 Percent Confidence Intervals for
Population Correlation Coefficients
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(*) Confidence intervals are not given for cases with
3 or less data points
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TabLe 6.3 95 Percent Confidence Intervals for
Population Correlation Coefficients





























(*) Confidence intervals are not given for cases with
3 or less data points
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Due to the small number of data points used in many
of the cases considered in this study, the interval
estimates were generally quite wide. These results clearly
indicate the need to increase the number of data points in
each of the cases analyzed.
Based upon the findings presented above, the
following observations can be made:
a. The linearity assumption was only an approximation to
the unknown real relationship between pavement
performance and level of pavement routine
maintenance. The results did not show a strong
linear relationship between PSI-ESAL loss and
maintenance expenditure per lane-mile for all the
cases analyzed. The small number of data points
available in the analyses had, to a great extent,
weakened the power of the statistical tests performed
and the conclusions drawn. Further research is
needed to develop better representation of the
relationship between pavement performance and routine
maint enance
.
b. More than one-third of the cases analyzed had four
or less data points. The results suggested that
desirably five or more data points be used for each
highway route. To increase the number of data points
in each highway route, it would be necessary to
155
compute route maintenance costs in smaller unit than
the highway section defined in this study.
Unfortunately, this refinement cannot be achieved
with the present recording practice in Indiana as all
routine maintenance information is currently recorded




QUANTITATIVE MEASUREMENT OF ROUTINE MAINTENANCE
EFFECTS ON PAVEMENT PERFORMANCE
7 . 1 Int roduct ion
One of the major concerns of a pavement management
system (PMS) is the programming of pavement investments
for a network of roads so as to achieve the optimal
results for the available funds. This process usually
involves analyses of different maintenance strategies and
tradeoff between pavement maintenance and rehabilitation
expenditures [74]. In order to effectively evaluate the
merits of various investment alternatives at both network
and project levels, an important requirement is to be able
to project future pavement performance for a given amount
of maintenance budget assigned to the network in
question [71,75].
This calls for a procedure to estimate the effect of
a proposed maintenance policy or plan on the performance
of the pavements concerned. Unfortunately, as pointed out
in Chapter 6, relationships between pavement performance
157
and level of pavement routine maintenance have not yet
been well developed. Most existing damage models do not
consider the effects of pavement maintenance. Those that
do, such as the EAROMAR system [12], are highly involved
in their analyses and require a large amount of data.
They do not provide a practical relationship which can be
incorporated easily and effectively in the overall
pavement performance assessment at network level.
This chapter presents a procedure to measure the
effect of routine maintenance on pavement performance.
The concept of the aggregate performance approach
described in Chapter 3 provides the theoretical basis for
this procedure.
7.2 A Concept of Measuring Pavement Rout ine Maintenance
Effectiveness
7.2.1 General Background
The definition of maintenance varies among highway
agencies. Maintenance work has been defined in this
study, as implied in Section 4.2.4 and Table 4.9, as
activities which are carried out routinely to maintain a
pavement at or above a planned level of performance.
These activities are usually performed in discontinuous
sections. They do not include rehabilitation work, such
as overlay and resurfacing, which serves to restore the
158
serviceability of the pavement concerned to its original
as -cons t rue ted level.
In terms of the terminology of aggregate performance
approach as depicted in Figure 7.1, maintenance work
refers to those activities that are carried out to
'recover' the PSI-ESAL loss between curves 4 and 1. The
PSI-ESAL loss recovered by rehabilitation work is
represented by the area between curves 1 and 3.
Maintenance activities therefore have the effect of
upgrading the pavement performance curve from the zero-
maintenance curve (curve 4) to the field performance curve
(curve 1) which represents the physical states of the
pavement as measured by a field condition survey.
7.2.2 Effect of Levels of Routine Maintenance
In Chapter 3, it was assumed that on a homogeneous
stretch of highway pavement, the level of pavement
performance would be positively related to the extent of
pavement routine maintenance. This assumption has been
found to be valid for all the cases of Indiana highway
routes analyzed in Chapter 6. A schematic representation
of this concept was presented in Figure 3.7.
Figure 7.2 illustrates the same concept in terms of
PSI-ESAL losses and routine maintenance expenditure per
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damage and level of maintenance respectively for the
pavement concerned. Four different levels of maintenance
may be performed on four sections of the homogeneous


















where all the PSI-ESAL losses (A+B) are evaluated at the
same cumulated ESAL value given by stage m.
The four performance curves in Figure 7.2 may be
plotted in the same figure as shown in Figure 7.3. Also
indicated in this figure is the zero-maintenance curve
which could be derived from the four performance curves
and their associated maintenance expenditures by means of
the procedure described in Section 3.4.
Area k in Figure 7.3 represents the amount of
pavement damage recovered by spending S dollars per
lane-mile on routine maintenance. The corresponding
recovered pavement damages for spending S , S and S
dollars per lane -mile are (k+k), (k+k+k_) and
(k +k +k +k ). Each of the areas k. in Figure 7.3 gives
the amount of PSI-ESAL loss reduction when a higher level
of routine maintenance is adopted. For example, when a
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level ( L i» ^i^' an improvement in pavement performance
would materialize because the total PSI-ESAL loss would be
reduced by an amount equal to k .
A measure of pavement routine maintenance effect on
pavement performance may now be introduced. Consider
again the two performance curves associated with
maintenance expenditures S and S . The effect of each














where M represents the reduction in PSI-ESAL loss for
1 , &
each dollar spent between routine maintenance levels L
and L . The index M has the unit of PSI-ESAL
loss /dollar /year / lane-mi le . Other symbols in Equations
(7.3) and (7.4) are defined in Figures 7.2 and 7.3.
It is interesting to note that the index M may be
obtained by plotting PSI-ESAL loss (A+B) against routine
maintenance expenditure per lane-mile, S, which happens to
be the same plot (as illustrated in Figure 4.4) used for
the damage analysis described in Chapters 4 and 5. The M
value is simply the slope of such a plot. By fitting a
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straight line to the entire range of S values, the index M
becomes an average unit measure of the effect of routine
maintenance for the highway route considered.
7.2.3 Effects of Maintenance Policy and Technology
Highway pavement maintenance policy varies widely
from agency to agency. This is due partly to the fact
that pavement maintenance is performed for the most part
by various highway agencies' own force, and partly to the
diversified nature of routine maintenance activities.
Different highway agencies do not place the same emphasis
or weight on a given distress type in their maintenance
programming and decision process [13,71]. This has led to
different maintenance strategies adopted and different
maintenance activities performed on pavements which are
structurally similar.
In the aspect of maintenance technology, there are
also disparities among different highway agencies. The
common equipment available commercially are mostly
designed to give quantity production for large scale
construction projects. Maintenance operations, on the
other hand, involve small crew size and small outputs at
widely separated locations. As a result, many highway
agencies have developed their own procedures and employ
different equipment. Many maintenance policies or
activities have been tried and adopted without adequate
165
proof of their applicability or value [51,76,77].
Different maintenance policies and technology are
likely to produce different results. Their effects on
pavement performance are illustrated schematically in
Figure 7.4, with all other conditions (climatic,
environmental, and pavement characteristics) being equal.
























A comparison is then possible by considering the
index M defined in Section 7.2.2.
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(b) Pavement Performance for Maintenance Policy and
Technology 2
Figure 7.4 Effect of Maintenance Policy and Technology on
Pavement Performance
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The conditions in Equations (7.5) and (7.6) lead to
the condition that M > M , and M > M . This
-L > — l j Z Z y J Z j J
conclusion implies that maintenance policy and technology
1 results in more reduction in PSI-ESAL loss. It can
therefore be considered as more effective than maintenance
policy and technology 2.
The discussion in this and the preceding section
indicates that the index M can be considered as a measure
of the effectiveness of pavement routine maintenance in
recovering PSI-ESAL loss. It is therefore appropriate to
term the index M as a pavement routine maintenance
effectiveness index. It provides a means to evaluate the
improvement in pavement performance that can be effected
by routine maintenance work.
It should be pointed out that the order of magnitude
of the effectiveness index M would vary according to the
magnitude of cumulative ESAL at which M is evaluated.
This means that when the magnitude of an effectiveness
index M is mentioned, it is meaningful only if the
associated cumulative ESAL level is specified.
7.2.4 Application of Pavement Rout ine Maintenance
Effectiveness Index M
Two possible applications of the effectiveness index
M are apparent from the discussions above. They are:
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a. Evaluation of the effectiveness of existing
maintenance policy and technology in improving
pavement performance.
b. Comparison of the effectiveness of different
maintenance policies and technology.
The data of Indiana highways used for damage
responsibility analysis in Chapters 4 and 5 were again
used as a case study to illustrate how the first
application could be employed to produce useful
information. The results of this application are presented
in Section 7.3.
An illustration of the second application could not
be performed because only Indiana data were available in
this study. Instead, a brief outline of how such an
application may be made is presented below.
Assuming that a highway agency is interested in
finding out, from two or more maintenance policies or
procedures, the policy or procedure that is best suited
for the local conditions of interest. Several highway
routes may be chosen for this purpose, and different
maintenance procedures applied on different highway
sections of each route. Within each highway section, it
is necessary to subdivide into a few pavement subsections
so that different levels of maintenance may be specified.
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This would enable a performance plot such as those in
Figure 7.4 to be prepared.
An analysis period must then be specified. A service
period between two successive rehabilitation projects
appears to be a logical choice. However, evaluation may
be carried out at any stage within the analysis period as
desired. It is quite possible that certain maintenance
procedures are more effective on a short term basis, while
others are superior in the long run. Comparison based
upon maintenance index M is likely to reveal these
differences.
Two points are worth mentioning in this analysis.
Firstly, it is not necessary to use identical magnitudes
of expenditure per lane-mile for different maintenance
procedures. It would be impractical and unrealistic to
impose such a control. Secondly, PSI loss alone does not
give a valid comparison unless it is related to
maintenance expenditures.
7.3 Pavement Maintenance Effectiveness Index M for Indiana
Highways
The results of performance analysis on Indiana
highways conducted in Chapter 4 can be used directly to
derive the pavement routine maintenance effectiveness
index M for each highway route. The value of the index M
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was given by the slope of the PSI-ESAL loss versus
maintenance expenditure per lane-mile plot. Some of these
performance plots are presented in Figures A.l through
A. 20 of the Appendix.
It is noted that while the slopes of all the
performance plots were negative, the index M did not carry
the negative sign. There should be no confusion because
by definition, the effectiveness index refered to the
reduction in PSI-ESAL loss for each dollar maintenance
expenditure spent.
The values of index M for 69 flexible pavement and 6
rigid pavement cases are recorded respectively in Tables
7.1 and 7.2. For flexible pavements, the M values were
evaluated at a cumulative ESAL level of 1.5x10 . For
rigid pavements, they were estimated at a cumulative ESAL
value of 1.5x10 . These cumulative ESAL levels are
selected arbitrarily by referring to the median and mean
values of cumulative ESAL values of flexible and rigid
pavement cases. The 6 rigid pavements, being Interstate
highways, carried greater traffic and were much older than
most of the flexible routes. This explains the large
difference between the two cumulative ESAL values.
A summary of the characteristics of the M index
values for rigid and flexible pavements analyzed is given
in Table 7.3. A big difference in the order of magnitude
171
Table 7.1 Pavement Routine Maintenance Effectiveness
Indices for Flexible Pavements in Indiana
No Highway 1Effect:iveness No Highway Eff ect;Lveness
Route Index M Route In dex M
1 SR Kn) 5. 50 36 SR 39(n> 11. 31
2 SR l(s) 1. 89 37 SR 39(s) 4. 02
3 SR 2 26. 22 38 US 40 7. 18
4 SR 3(n) 20. 18 39 US 41 3. 20
5 SR 3(s) 12. 49 40 SR 42 1. 50
6 SR 4 23. 71 41 SR 43(n) 10. 41
7 SR 5 26. 93 42 SR 43(s) 3. 00
8 US 6 11. 90 43' SR 44 10. 61
9 SR 8 32. 72 44 SR 46 10. 22
10 SR 9(n) 11. 11 45 SR 47 14. 29
11 SR 9(s> 14. 38 46 SR 48 16. 48
12 SR 10 20. 38 47 US 50 5. 21
13 SR 13 16. 41 48 US 52(n) 5. 89
14 SR 14 2. 80 49 US 52(s> 10. 80
15 SR 16 24. 32 50 SR 55 7. 60
16 SR 17 29. 78 51 SR 56 3. 09
17 SR 18 6. 70 52 SR 57 13. 22
18 SR 19 13. 32 53 SR 58 14. 88
19 US 20 14. 81 54 SR 60 15. 68
20 SR 23 16. 01 55 SR 62 4. 50
21 US 24 8. 79 56 SR 63 12. 72
22 SR 25 22. 78 57 SR 64 11. 01
23 SR 26 22. 91 58 I 64 11. 48
24 SR 28 12. 39 59 I 65(s) 6. 50
25 SR 29 10. 59 60 SR 67 11. 47
26 US 30 17. 61 61 SR 75 8. 50
27 US 31(n) 20. 23 62 SR 135 10. 61
28 US 31(s) 4. 19 63 US 150 5. 40
29 SR 32 5. 10 64 US 231 (n) 8. 51
30 SR 33 19. 57 65 US 231 (s) 6. 62
31 US 35 12. 79 66 SR 234 10. 68
32 US 36 10. 38 67 SR 236 6. 60
33 SR 37<n) 8. 31 68 US 421(n) 10. 09
34 SR 37(s) 2. 82 69 US 421(s) 7. 70
35 SR 38 16. 29
Note : 1. M is in PSI-ESAL Loss/dollar/year/lane-mile .
2. All M values are avaluated at cumulative Esal
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was found between the M index values of flexible and rigid
pavonipntfi. Alt bo ugh a direct comparison of the PSI-ESAL
loss of the two pavement types was inappropriate, the
reasons for the difference are believed to be: (i) the M
values for the two pavement types were evaluated at
different cumulative ESAL levels; and (ii) all the 6 rigid
pavement cases were Interstate highways, whereas the
flexible pavements were basically state routes.
Furthermore, there is a difference in terms of design,
construction and maintenance standards.
7 .4 Regional Effects on Maintenance Effectiveness
The effects of climatic factors on the effectiveness
of routine maintenance work is an area where little
research has been done. The pavement routine maintenance
effectiveness index proposed in this study provides a
convenient means for measuring such effects
quant itatively.
The same two regions in Indiana defined in Section
5.5 were used in the following analysis of regional
effects on maintenance effectiveness. The same pavement
characteristics and traffic loading variables identified
in Section 5.2 were included in this analysis. A
regression technique similar to that adopted in the
analysis of pavement damage responsibility in Section 5.5
175
was employed. The relevant regression model is shown
he ] ow :
M
i












+ c.X4, + c c X5, + c,X25. + e.
4 i 5 i 6 i i
(7.11)
whe r e
i = 1, 2, , n
M = pavement routine maintenance effectiveness
index in PSI-ESAL los s /dol la
r
/year / lane-mi 1
e
Z = for southern region
1 for northern region
X2 = pavement age in years
X3 = slab thickness in inches for rigid pavement;
structural number for flexible pavement
X4 = mean AADT
X5 = mean annual ESAL
X25 = total cumulative ESAL
e = random error term
c = regression parameters, k=l, 2,
n = total number of data points
Separate regression analyses were performed for
flexible and rigid pavements respectively to test the
significance of regional effect in each case. The results
of these analyses are discussed in the following sections.
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7.4.1 Analys is of Flexible Pavements
The regional distribution of pavement maintenance
effectiveness index values for flexible pavements is
depicted in Figure 7.5. Each effectiveness index value
was plotted at the mid point of the highway route for
which the index was derived. Each mid point location is
represented in Figure 7.5 as the distance in miles
measured from Owensboro, a town situated at the southern
border of Indiana. The plot indicates that there is
relatively little variation of the effectiveness index
values for highway routes located within approximately 180
miles from Owensboro. However, moving northward from this
distance, it appears that there exists a trend showing
higher effectiveness index values for highway routes
located further away from Owensboro in the northerly
direction.
The results of statistical analysis for the
effectiveness index values of flexible pavements based
upon the model in Equation (7.11) is summarized in Table
7.4. The regional effect was found to be significant at
both 0.05 and 0.01 level of significance, meaning that
pavement routine maintenance effectiveness on flexible
pavements was significantly different statistically in the
two regions.
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Figure 7.5 Regional Distribution of Pavement Maintenance
Effectiveness Index on Flexible Pavements in
Indiana
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Table 7.4 Statistical Analysis for Model in Equation
(7.11) Flexible Pavement
(a) Regression Analysis
Coeff. Estimated Value Standard Deviation t Value
c
Q
47. 192 13. 775 3. 426
c 7. 424 1. 450 5. 11B<*>
c -1.271 0.288 -4.412
c 3
-5.037 2.661 -1.893
c -0. 0002 0. 0004 -0. 464
c, - 18. 764 19.072 -0.984
c -2.935 2.760 -1.063
<*> significant at lavels 0.05 and 0.01
(b) Analysis of Variance
Source of Variation Sum of Squares df MS
Regression 1410.85 6 235.14
Error 1962.60 62 31.66
Total 3373.45 68
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routine maintenance effectiveness index was higher
in the northern region than in the southern region.
Physically, it means that the amount of pavement damage
repaired (i.e. the amount of PSI-ESAL loss recovered) per
dollar worth of maintenance work was greater in the
northern region. In other words, it may be said that each
dollar of maintenance expenditure spent per lane-mile in
the northern region was more effective than in southern
region in improving pavement performance.
7.4.2 Analy s is of Rigid Pavement s
As there were only six rigid pavement cases available,
a reduced version of the general model in Equation (7.11)
was used for the analysis presented in this section.
Since the several reduced models selected all led to the
same conclusion regarding the regional effect on
maintenance effectiveness, only one of them is presented
below for the purpose of discussion. The model with the
2 2
best R and adjusted R values is:
Y2 . = c„ + c, Z . + c X2 . + e.
l 1 i 2 i i
(7.12)
where all terms are defined as in Equation (7.11).
The results of statistical analysis are presented in
Table 7.5. It was found that 'regional effect was
significant only at a level of significance of 0.431. It
may therefore be concluded that there is no difference
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Table 7.5 Statistical Analysis for Model in Equation
(7.12) Rigid Pavement
<a) Regression Analysis
Coeff" Estimated Value Standard Deviation
^t Value—_ ———
-






(#> significant at lavel 0.431
(b) Analysis of Variance
Source of Variation Sum of Squares df
^MS





between the maintenance effectiveness indices in the two
regions.
7.5 Pavement Routine Maintenance Effectiveness Index
Prediction Models
The indicator variable Z was used in Equations
(7.11) and (7.12) for testing the influence of regional
effect on pavement maintenance effectiveness. It is,
however, not an ideal variable to be included in a
prediction model for the following reasons. Firstly, it
does not have a clear meaning as it is not possible to
define quantitatively the criteria used to delineate the
two regions. Secondly, being qualitative in nature,
variations in conditions within each of the two regions
are not reflected. As each region covers a big area and a
large number of highway routes, a model expressed as a
function of regional variable Z does not provide a
prediction sufficiently specific and accurate for most
applications. To produce results which are practically
meaningful, it is therefore desirable to develop
prediction models upon independent variables that can be
measured physically and are directly related to the
conditions of each highway route.
Regression models were consequently developed for the
purpose of predicting pavement maintenance effectiveness
Index M. The independent variables considered for
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inclusion in these prediction models were those discussed
in Section 5.3 and listed in Table 5.3. Potential uses of
these models are first discussed, followed by presentation
of the results of regression analyses for flexible and
rigid pavements.
7.5.1 Uses of A Maintenance Effectiveness Predict ion Model
Information that can be derived from a prediction
model of pavement routine maintenance effectiveness index
may be of use in the following areas:
a. Highway programming — A highway program should
ideally be based upon information gathered from
condition surveys which reveal the status of
pavements and the locations of deficient sections.
Specific information concerning pavement performance
and maintenance can be vital in order to arrive at an
acceptable budget plan. Prediction of maintenance
effectiveness indices for different pavement sections
can be a useful aid to budget planning by providing a
means for quick evaluation of network performance at
different levels of maintenance funding.
b. Allocation of Maintenance Funds — A common problem
faced by pavement maintenance managers nowadays is
how to spend optimally their limited amount of
maintenance dollars. A maintenance fund allocation
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problem is not limited to a clear cut solution of to
maintain or not to maintain. More importantly, it
involves, most of the time, the decision of how much
maintenance to be carried out at each location to
achieve the best overall results at network level.
Routine maintenance effectiveness index may be used
in this process as a ready evaluation tool for
assessing the relative credit of each maintenance
strategy.
Pavement Conditions Projection — The knowledge of
maintenance effectiveness index enables projection of
pavement conditions to be made on an individual
highway route based on the amount of maintenance fund
allocated to it. This analysis may be carried out at
both project and network levels.
d. Updating Network Improvement Programs — Pavement
maintenance effectiveness index provides a convenient
quantitative measure for evaluating the effectiveness
of past maintenance works. This evaluation provides
valuable maintenance feedback information which could
be used for improving and updating the existing
network improvement program.
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7.5.2 Models for Flexible Pavements
The correlation matrix which shows the coefficients
of correlation for all pairs of dependent and independent
variables are given in Table 7.6. The following
observation can be made from the correlation matrix: (i)
Of all the climatic and environmental variables, soil
support value (X12) could best explain the variation in
maintenance effectiveness index M. (ii) In general,
individual climatic variables correlate better with M than
pavement characteristics or traffic loading data.
Two regression models for flexible pavement are
presented in this discussion. The first model is
expressed in terms of climatic and pavement characteristic
variables, while the second model in terms of soil support
value and a pavement characteristic variable. These
models are given in Equations (7.13) and (7.14) below.
M = 41.536 + 0.0264(X6) - 1.049(X2) - 4.615(X3) (7.13)
M = -36.165 + 9.589(X12) - 0.296(X2) (7.14)
where
M = pavement routine maintenance effectiveness index
in PSI-E SAL/ do liar /year /lane-mile
X2 = pavement age in years
185
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X3 = pavement structural number
X 6 = freezing Index in degree F-days
X12 = soil support value
Physically interpret able interaction terms were
included in the regression analysis, but were found to
2
have very little effects on the resulting R value. The
terms considered included (i) interaction between a
climatic or environmental variable and a pavement
characteristic variable; (ii) interaction between a
climatic or environmental variable and a traffic loading
variable; (iii) interaction between a pavement
characteristic and a traffic loading variable; and (iv)
interaction between soil support value and climatic
variables.
The regression analysis results for the two models in
Equations (7.13) and (7.14) are presented in Table 7.7.
2
On the basis of the magnitude of R value, the model in
Equation (7.14) is superior. It is noted that in this
model, the soil support value alone could account for
69.6% of the variation in the index M.
7.5.3 Models for Rigid Pavements
For the rigid pavements analyzed in this study,
pavement characteristic variable (only data on pavement
age were available), traffic loading variables and soil
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Table 7.7 Statistical Characteristics of Maintenance
Effectiveness Index Models for
Flexible Pavements in Indiana
Description Model (7. 13) Model (7. 14)
Independent Variables
















Note : Maintenance effectiveness index is evaluated at a
cumulative ESAL value of 150.000 .
X6, X2, X3 X12, X2
69 69
0/4937 0. 7082
21. 13 80. 07
0. 000 0. 000
X6 X12
44. 91 133. 24
0. 000 0. 000
X2 X2
17. 81 2. 67





support value all provided reasonably good correlation
with pavement maintenance effectiveness index M. Climatic
variables were less capable of explaining the variation in
the effectiveness index. The above observations were
derived from the correlation matrix presented in Table
7.8.
Using a level of significance of 0.05 as the
criterion, the 'best' regression model obtained with the
SPSS stepwise regression search method [49] is given
below.
M = 7316.40 + 0.0239(X5) - 0. 00 134 1 ( X2 5 ) (7.15)
where
X5 = mean annual cumulative ESAL
X25 = total cumulative ESAL
The detailed characteristics of this model is found
in Table 7.9. The variable X25 represents the interaction
between pavement age (X2) and mean annual traffic loading
level (X5).
An alternative prediction model is also presented in
Table 7.9. This model is expressed as a linear regression
function of soil support value (X12) and pavement age
2
(X2). The R value of this model is lower, but can still



















































































































































































































































































































































































































Table 7.9 Statistical Characteristics of Maintenance
Effectiveness Index Models for
Rigid Pavements in Indiana
Description Model (7. 13) Model (7. 14)
Independent Variables X5, X25
No. of Data Points 6
Coeff. of Multiple





F value 65. 18
<* level 0. 003
Test for Coefficients
Variable 1 X5
F value 70. 43
d level 0. 004
Variable 2 X25
F value 44. 88
of level 0. 007
Note : Maintenance effectiveness index is evaluated at














7 . 6 Summary Remarks
The case study performed in this chapter indicates
that the concept of performance analysis introduced in
this research (see Chapter 3) can be further extended to
provide a useful evaluation tool for assessing the quality
and effectiveness of pavement maintenance work. Potential
applications of the information obtainable with this
analysis to various stages of a maintenance management
process was discussed. However, more research is required
before the technique presented can be effectively
incorporated in a pavement management system.
The analysis on Indiana highways concluded that there
was a significant difference in pavement routine
maintenance effectiveness (as measured by the pavement
maintenance effectiveness index M) between the flexible
pavements in the northern and the southern regions.
Further regression analyses also confirmed this finding
that climatic and environmental variables were able to
explain the variation in the maintenance effectiveness
index reasonably well.
On the other hand, the analysis on the rigid
pavements in Indiana revealed that the difference between
the pavement maintenance effectiveness indices in the
northern and the southern regions was statistically
insignificant. Subsequent regression analyses showed that
192
most of the variation in these effectiveness indices could
be accounted for by considering pavement characteristic
and traffic loading information, as well as the roadbed
soil support values.
These findings agree well with those found in Chapter
5 where damage responsibilities on the two pavement types
in Indiana were analyzed. This agreement should be within
anticipation due to the fact that the same data base and
inference space were used in both analyses, and that both




8 . 1 Summary of Proposed Performance Analysis Approach
The main objective of this study was to develop a
methodology for highway pavement performance analysis by
means of an aggregate pavement damage approach. The use
of a disaggregate distress function approach would require
a large amount of data collection and handling effort. In
contrast, the data required for an aggregate performance
are much less and are more readily available.
Central to the development of the aggregate
performance approach methodology was the introduction of
the following concepts:
1. PSI-ESAL Loss as A Representation of Pavement
Deterioration — Instead of using the parameter PSI
loss traditionally used in pavement evaluation
analysis, PSI-ESAL loss was proposed as a measure of
pavement deterioration. By adding another dimension,
the new parameter offers a quantitative
194
representation of pavement deterioration covering the
entire pavement performance history.
2. Quantitative Representation of Levels of Pavement
Routine Maintenance — For a given maintenance policy
and technology, it was possible to associate a level
of pavement routine maintenance to each of the
performance curves of different pavement sections of
a highway route with uniform pavement
characteristics. The levels of maintenance were
defined by their respective average annual
maintenance expenditure per lane-mile of the pavement
section concerned.
3. Relationship between Pavement Performance and Level
of Maintenance — An assumption was made which stated
that pavement performance was positively related to
the level of routine maintenance. The two physical
measures defined in items 1 and 2 above facilitated
the establishment of a quantitative relationship
between pavement performance and levels of pavement
routine maintenance.
4. The Concept of Zero-Maintenance Pavement Performance
— The need to consider the effects of maintenance
policy and maintenance activities on pavement
performance was emphasized. The PSI-ESAL loss
computed from the observed field performance curve of
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a pavement does not represent the actual total damage
that has taken place, as part of the pavement damage
gets repaired by maintenance work. The concept of
zero-maintenance pavement performance was introduced
to estimate the total pavement damage.
Using the concepts presented above, a procedure was
developed to calculate the relative pavement damage
responsibilities of load-related and non-load-related
effects. This procedure was based upon a comparison
between actual field performance and the AASHTO pavement
performance prediction.
A further development of performance analysis within
the framework of the proposed aggregate performance
approach involved a concept of measuring the effects of
routine maintenance on pavement performance. A
quantitative measure, known as the pavement routine
maintenance effectiveness index, was introduced. Uses of
this index in assessing the effects of pavement routine
maintenance work, and in evaluating the effectiveness of
different maintenance policies and strategies were
discussed and illustrated.
8.2 Summary of Findings
All the analyses conducted in this study were
performed with data from the state highway system of
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Indiana. The major findings of these analyses are
summarized below.
1. The pavement damage responsibility of load-related
effects ranged from 71.3 to 100% for flexible
pavements, and from 52.4 to 67.7% for rigid
pavements. A direct comparison of the damage
responsibility values of the two pavement types
could not be made because the terms and formulas used
to describe the load-related effects did not have
identical physical meanings. Furthermore, all the
rigid pavements analyzed were on Interstate highways,
whereas the flexible pavements were predominantly
state routes. There were large differences in both
pavement age and total cumulative traffic loadings
between them.
2. Two regional zones were defined for the State of
Indiana. Statistical analyses showed that the non-
load-related responsibilities on flexible pavements
in the northern region were significantly higher than
those in the southern region. In the case of rigid
pavements, the difference between the damage
responsibilities in the two regions were found to be
statistically insignificant.
3. Pavement damage responsibility prediction models were
developed for both flexible and rigid pavements.
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Climatic variables explained reasonably well the
variations in the damage responsibilities of flexible
pavements, but did not do so satisfactorily for rigid
pavements. Pavement age alone could account for
about 86% of the variations in damage
responsibilities on rigid pavements.
4. A pavement routine maintenance effectiveness index M
was defined to measure the effects of maintenance on
pavement performance. Significant difference was
found between the values of effectiveness index for
flexible pavements in the two regions in Indiana.
However, the difference between the index M values of
rigid pavements in the two regions was found to be
statistically insignificant.
5. Regression analyses indicated that the effectiveness
index M for flexible pavements could be predicted on
the basis of climatic and environmental variables.
On the other hand, in computing the effectiveness
index on rigid pavements, better prediction could be
obtained by considering traffic loading information,
or roadbed soil support values and pavement
characteristics. In general, the findings in items 4
and 5 were consistent with those in items 2 and 3.
6. The validity of the two assumptions made in the above
analyses were examined in Chapter 6 with data from
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Indiana highways. The results showed that the
assumption which stated that level of routine
maintenance was positively related to pavement
performance was valid for all the cases analyzed, and
that the . assumption of linear relationship between
these two measures was a reasonable approximation.
7. A main focus of this study was upon demonstrating the
applicability of the aggregate performance approach
to the performance analysis of highway pavement. One
of the most significant findings of this study was
therefore the confirmation of the feasibility of such
an approach as an alternative to the much more
elaborate disaggregate distress function approach
methodologies
.
8. 3 Limitations of the Proposed Approach
The aggregate performance approach developed in this
study has a number of limitations which are described
briefly in the following paragraphs.
The approach, taking into account only the aggregate
performance of pavements, does not provide information
concerning detailed structural conditions of the
pavements. It is quite possible that pavements with
different structural characteristics may give comparable
PSI-ESAL loss although the distress types involved are
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very different. This and other requirements have led to
the limitation that each performance analysis be performed
on a uniform highway route with homogeneous pavement
characteristics.
In the case study of performance analysis on Indiana
highways, the above limitation has in turn resulted in the
problem of having relatively few data points in each
analysis. The root of this problem lies in the fact that
the routine maintenance expenditures in Indiana are
recorded on the basis of highway sections bounded by
county limits. This problem can be solved only if
maintenance expenditures are recorded in smaller units
than a highway section. In other words, the current
practice of recording maintenance expenditures by county
should be further refined. For instance, maintenance
expenditures may be recorded in terms of highway contract
section.
In employing the aggregate performance approach to
estimate the pavement damage responsibilities of load-
related and non-load-related effects, it should be
realized that the relative responsibilities so determined
represent an overall assessment of the damages recovered
by both maintenance and rehabilitation. Applying these
relative responsibilities to allocation of both
maintenance and rehabilitation costs in a highway cost
allocation study implies that for every unit of pavement
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damage the relative responsibilities of load-related and
non-load-related effects remain the same. This may not be
so in reality.
It is apparent from the sequence of testing involved
in a pavement evaluation program that pavement performance
information obtained from serviceability condition survey
does not reveal pavement deficiency in skid resistance or
other safety-related pavement defects. Since routine
maintenance costs were used to define the level of
maintenance of a given pavement performance, this means
that the portion of maintenance costs that were used to
correct safety-related defects without having any effects
on pavement performance measurement should not be included
in the analysis. Unfortunately, it was not possible to
isolate this portion of the costs from the maintenance
records in Indiana.
Several assumptions were made in the present study
which could affect the results and their interpretation.
An example is the linear relationship between level of
pavement routine maintenance and pavement performance.
Another example is the proportionality assumption used in
calculating the pavement damage responsibilities of load-
related and non-load-related effects. These assumptions
were necessary as the state-of-the-art knowledge in these
areas did not allow the development of any quantitative
relationship which could be used in this study.
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8.4 Recommendations for Further Research
Pavement performance data are an integral part of the
data base for a pavement management system. The
availability of these data is becoming increasingly common
in highway agencies across the nation. The performance
analysis methodology presented in this study reveals that
the usefulness of these data has not been fully exploited.
Based upon the findings of this study, further research in
the following areas is recommended.
The relationship between pavement maintenance and
performance has not been well established. The linear
relationship between levels of pavement routine
maintenance and pavement performance adopted in the
performance analysis in this study is purely a result of
regression analysis based upon limited data from highways
in Indiana. To provide the necessary data for establishing
the relationship desired, a detailed record of maintenance
activities and maintenance costs must be available. For
instance, in the case of Indiana, it is recommended that
maintenance activities be recorded in detail in smaller
pavement section unit than the highway section currently
used
.
A linear proportionality assumption was used to
estimate the relative pavement damage responsibilities of
load-related and non-load-related effects. Research on
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the interactive effect between load and environmental
factors on pavement damage would have wide implications
not limited only to the field of highway cost allocation.
It can probably best be determined by long term monitoring
of pavement . performance over a wide range of load,
climatic and environmental conditions.
One of the limitations of the aggregate performance
approach is that it does not reveal any specific pavement
defect information. On the other hand, one of the biggest
problem with disaggregate distress function approach
procedures has been to relate individual pavement distress
types to overall pavement performance. The pavement
routine maintenance effectiveness index M introduced in
this study may be able to provide a partial solution to
this problem.
This study has demonstrated with a case study how a
quantitative relationship between pavement performance and
levels of pavement routine maintenance could be developed.
This relationship is characterized by the index M which
gives the slope of the relationship. This index measures
the effectiveness of a given maintenance work in improving
the performance of the pavement concerned. If it is
possible to identify the type of pavement distress by
relating them to the effectiveness index, then a
meaningful relationship between distress types and
pavement performance may be established.
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The theoretical framework of the aggregate
performance approach presented in this study could provide
a means for establishing such a link between pavement
performance and distress types. Since only pavement
sections witn homogeneous pavement characteristics are
included in each independent performance analysis of a
highway route, it is quite likely that the dominating
distress pattern would be similar on these pavement
sections. Once this distress pattern is identified, it
may be related to the effectiveness index computed from
the performance analysis.
As can be seen from the flow diagram in Figure 2.1,
identification of distress pattern may be obtained from a
level II pavement condition survey. This clearly shows
that such an analysis can be carried out with data which
are already available In a typical pavement management
program. No additional data collection effort is needed.
This also indicates that once a pavement management system
is in operation, the performance analysis proposed in this
study and the further analysis recommended in this section
can be incorporated into the system to provide additional
information which could be useful to decision-makers at
both network and project levels.
Finally, it should be mentioned that pavement
performance analysis should not be considered as a one-
time exercise. It should be recognized as a part of a
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continuing process of pavement management. A periodic
updating of the damage responsibilities of load-related
and non-load-related effects, and the pavement maintenance
effectiveness indices, as well as the prediction models
for these parameters is needed in order to keep abreast
with the changing traffic distributions, changing
expenditure pattern, changing emphasis, and changing
technology. In addition, improvement to the procedure and
methodology presented in this study should be made from
time to time as new information on such key elements as
relationships between traffic, weather, and pavement
damage is available from further research.
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